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ABSTRACT 
 
Biorenewable biomass has been extensively utilized as an appealing source of 
carbon and energy for the production of biochemicals and biofuels via biological 
fermentation to meet the increasing demand of petroleum-based products. A variety of 
biomass resources have been used such as dedicated crops and wastes including 
agriculture residue and forestry. Lignocellulosic biomass is consisting of hemicellulose, 
cellulose and lignin, which is either composed of polysaccharides or phenolic compounds 
that cannot be metabolized by microorganisms directly. Thus, deconstruction of biomass 
into fermentable sugar monomers is of great importance. There are a variety of physical 
or chemical pretreatment methods that have been developed, including the use of acids, 
alkali, steam, oxidants and high pressure. Fast pyrolysis, which is a type of 
thermochemical processing, is used in this study. It is an attractive approach to produce 
pyrolytic sugar syrup due to the advantages such as the flexibility of the feedstocks and 
the rapidness of reactions. However, the common issue of this bioconversion platform is 
that a variety of co-products are formed from the pretreatment process, such as phenolic 
compounds, aldehydes, which have been proved inhibitory to biocatalysts. Therefore, to 
improve the tolerance and utilization of biocatalysts to the biomass-derived sugars is 
necessary for increasing the production of target compounds. 
To overcome this challenge, several strategies have been performed to enable 
biocatalysts to survive the deterious living environment.  The first approach is to reduce 
the toxicity of the biomass-derived sugars by removing the inhibitors. For example, 
detoxification of the sugars by the chemical treatments with alkali, oxidants or physical 
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treatments with organic solvents have been developed. In this study, sodium hydroxide 
and calcium hydroxide were used to form precipitants in order to remove some inhibitors 
in the pyrolytic sugars. The detoxified sugars have been proved to be more fermentable 
by performing the fermentations and evaluating E. coli cell membrane integrity and 
fluidity. Encapsulation of microorganisms, which is aimed to protecting the cells from the 
inhibitors in the pyrolytic sugars by selectively enabling the nutrients to permeate the 
porous polymers entrapping the cells, is an alternative method to “remove” the toxic 
compounds. In this study, calcium alginate, which is in the form of beads, is employed to 
enclose the cells from the pyrolytic sugars. The ethanol production results demonstrate 
that the encapsulation of cells helps to improve the tolerance of E. coli KO11 to pyrolytic 
sugars at a concentration as high as of 1.8% (w/v). 
In additional to “removal” of inhibitors, the other approach is to improve the 
performance of biocatalysts in the pyrolytic sugars. Since some inhibition mechanisms 
have already been well characterized, rational engineering of biocatalysts such as omics 
analysis, membrane modification can be employed to improve or produce the desired 
phenotypes. However, the pyrolytic sugars in this study are very complex and containing 
plenty of compounds that are still unknown. Therefore, directed evolution, which is more 
straightforward and effective here, was used for enhancing the resistance of two 
biocatalysts, ethanol-producing E. coli KO11 and lactic acid-producing E. coli SZ194, to 
the pyrolytic sugars. By long-term sequential transfers, the two evolved strains TJE1 and 
TJL1 obtained possess 2.6-fold and 4.4-fold the tolerance of parent strains respectively.  
Subsequently, we characterized the membrane properties between parent and 
evolved strains to study the changes of cell membrane caused by pyrolytic sugars since 
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most of the inhibitory compounds in the pyrolytic sugars are hydrophobic. It showed that 
evolved TJE1 obtained strengthened membrane from directed evolution in terms of 
membrane integrity and fluidity. However, the membrane composition was only slightly 
changed compared to parent. Besides, we also found that the biofilm and extracellular 
polymeric substances were greatly decreased in both evolved E. coli strains. 
In additional, reverse engineering, which is to identify the inhibition mechanism 
and yield a roadmap by studying the mutations occurred during directed evolution, is 
applied to reproduce the desired phenotypes of increased tolerance. In this study, csrA, 
the global carbon storage regulator, was identified with one point mutation within DNA 
sequence leading to one amino acid change. This mutation was found in both evolved E. 
coli strains, which inspired us to investigate its effects on the increased tolerance. Here, 
we did gene switching in parent KO11 and evolved SZ194, followed by a series of assays 
according to the functionalities of csrA. The results demonstrated that this mutation 
contributed to the reduction of flagellation, biofilm formation and extracellular polymeric 
substances. In addition, this mutation was found improving the membrane integrity and 
maintaining membrane fluidity as well. By introducing this mutation into a model E. coli, 
MG1655, we found that this mutation was contributing to the increased resistance to 
certain hydrophobic compounds to varying degrees. 
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CHAPTER 1 
 INTRODUCTION  
 
Background 
Ethanol is a very common compound used in our daily life for a wide range of 
purposes, including alcoholic beverages, solvent, antiseptics and especially fuels and fuel 
addictive. It is a long history that human have been producing ethanol from the yeast 
fermentation of sugars for beers and wines. And then distillation process was developed 
for higher concentrations of ethanol for other uses, such as medical applications or 
synthesis of other chemicals. Long ago, the farmers in the US began to turn crop wastes 
into ethanol for lamp oil or stove fuel. In 1826, ethanol was used in the first American 
internal combustion engine prototype, which is a milestone of its fuel history. With the 
rapid development of science and technology, the appeals for environmentally friendly 
and biorenewable commercial products have been increased since the conventional 
petroleum-based products are depleted surely someday. Thus, ethanol is playing an 
irreplaceable role in the modern industry and transportation as fuel or fuel addictive. In 
the US, corn is the leading feedstock for the production of ethanol via fermentation, 
which is subsidized by the government. Lactic acid, likewise, is common commercial 
compound by industrial fermentation. It is an important precursor for synthesizing 
polymers, widely used in the pharmaceutics, cosmetics, foods and detergents.  
Lignocellulosic biomass has been an appealing source of carbon and energy for 
the production of biorenewable fuels and chemicals due to its abundance and low cost [1-
4]. There have been a variety of pretreatment methods developed to release fermentable 
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monosaccharides from cellulose and hemicellulose of lignocellulosic biomass as 
reviewed before [5,6]. Specifically, fast pyrolysis, which is a type of thermochemical 
processing, was employed in this study to produce “pyrolytic syrup”. Fast pyrolysis is an 
attractive way to deconstruct lignocellulosic biomass is attributed to the flexibility of 
feedstocks , rapidness of reactions and so on [7,8]. The biomass-derived sugars from 
different biomass resources have been extensively used for the production of bioethanol 
[9-12]. In this project, we employed hybrid processing for the production of target 
compounds, bioethanol and lactic acid. Hybrid processing is the combination of 
thermochemical processing and biological utilization for the production of biofuel and 
biochemicals. However, the common issue of this bioconversion platform is that the non-
sugar compounds present, such as aldehydes, alcohols, have been previously proved to be 
inhibitory to the microorganisms [13-15]. This greatly limits the growth and sugar 
utilization of the biocatalysts. The pyrolytic syrup is not an exception [16].  
To overcome this recalcitrance, two approaches can be applied to improve the 
performance of biocatalysts. One is to reduce the toxicity of the biomass-derived sugars 
by chemical or physical methods. For example, detoxification of pyrolytic sugars by 
alkali treatment helped to remove some of the inhibitors and promote the fermentability 
of the pyrolytic sugars [16,17]. Solvent extraction was used to recover sugars from ionic 
liquid biomass liquor [18]. The parallel one is to modify the microorganisms for 
improving their resistance to the inhibitors present in the biomass-derived sugars. Since 
some inhibition mechanisms, such as AcrAB efflux pump in E. coli, have been well 
characterized, rational engineering of biocatalysts, including omics analysis, metabolic 
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flux analysis or modification of cell membrane, has been able to achieve this goal [19-
21].  
However, the pyrolytic sugars, for instance, used in this study are very complex 
and contain plenty of compounds that have not been identified, thus directed evolution 
was chosen as a tool to increase the tolerance of the biocatalysts. Directed evolution is a 
common and straightforward method to obtain the desired phenotypes of biocatalysts, 
which has been employed in many studies for improving the resistance to biomass 
hydrolates or specific inhibitors, and the production of target compounds. For example, 
Saccharomyces cerevisiae was evolved for increasing its tolerance to spruce hydrolysate 
[22]; E. coli was evolved for improving its resistance to furfural [23]. Subsequently, 
reverse engineering was applied to identify the roles of the mutations and the inhibition 
mechanisms, and reproduce the desired phenotypes in other biocatalysts [24]. For 
example, silencing of yqhD in the evolved E. coli strain was found to contribute to its 
increased furfural tolerance due to its function of reducing furfural [23]. 
The two E. coli strains used in this study, ethanol producer KO11 and lactic acid 
producer SZ194 which are derived from E. coli W, have been well characterized [25-27]. 
Therefore, they are ideal microbial models to realize the goal of bioconversion of 
lignocellulosic biomass since their genome and metabolic activities have been fully 
studied. It is easier to understand their regulating mechanisms and implement genetic 
manipulations and modifications on them. 
Thesis organization 
The following chapters are consisting of research papers and book chapters that 
are either published, under review or intended for submission for publication. Chapter 2 
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and 3 are book chapters that review the microbes and strategies used in this project. 
Chapter 4 is the work on the detoxification of the pyrolytic sugars. Chapter 5 and 6 are 
the bulk research work presenting the engineering of E. coli for improving the tolerance 
to pyrolytic sugars and illustrating the inhibition mechanisms. Chapter 7 is the summary 
of ongoing work and the design for future work for further improvement. 
Chapter 2: Ethanol: a model biorenewable fuel 
Chapter 2 is a book chapter reviewing the development of ethanol-producing 
strains and the metabolic engineering strategies applied on them for either improving 
production or enabling wider utilization of substrates. 
Chapter 3: Evolutionary methods for improving production of biorenewable fuels and 
chemicals 
Chapter 3 is a book chapter describing the mechanisms of evolution and its 
utilization to improve the tolerance and production of biorenewable fuels and chemicals 
as well as the inhibition mechanisms of these compounds. 
Chapter 4: Production of clean pyrolytic sugars for fermentation 
My contribution to Chapter 4 is utilizing the detoxified pyrolytic sugars with 
sodium hydroxide for fermentation to evaluate the effects of this overliming strategy. 
Chapter 5: Biomass-derived pyrolytic sugars damage the cell membrane of ethanologenic 
Escherichia coli 
Chapter 5 is a research draft that evaluates the changes of the membrane 
properties and extracellular polymeric substance of the E. coli strains before and after 
directed evolution, which results in the increased tolerance to pyrolytic sugars.  
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Chapter 6: Discovery of mutant csrA improving the membrane integrity of escherichia 
coli by reducing extracellular proteins  
Chapter 6 is a research draft illustrating the functions of the mutation obtained 
from directed evolution and its contribution to the increased tolerance by gene switching. 
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CHAPTER 2 
ETHANOL: A MODEL BIORENEWABLE FUEL 
Submitted for book chapter in Wiley-Blackwell Biotechnology Series 
Tao Jin1, Jieni Lian1, Laura R. Jarboe1 
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Abstract  
Lignocellulosic biomass is an attractive feedstock for ethanol production because 
of its abundance and low cost. However, organisms that are good ethanol producers tend 
to be poor utilizers of biomass-associated sugars and organisms that have naturally 
utilized biomass-associated sugars tend to be poor ethanol producers. Thus, metabolic 
engineering is needed to develop fermentation organisms that can produce ethanol from 
biomass in an economically viable process. We assert that this desire to produce ethanol 
from biomass not only requires metabolic engineering, it has shaped the development of 
the metabolic engineering field, just as our desire to produce ethanol has shaped the 
development of chemistry and chemical engineering.  
Keywords 
Ethanol, lignocellulose, tolerance, metabolic engineering, Escherichia coli 
Concise definition of subject  
Lignocellulosic biomass is an attractive feedstock for ethanol production because 
of its abundance and low cost. However, organisms that are good ethanol producers tend 
to be poor utilizers of biomass-associated sugars and organisms that have naturally 
utilized biomass-associated sugars tend to be poor ethanol producers. Thus, metabolic 
9 
 
 
engineering is needed to develop fermentation organisms that can produce ethanol from 
biomass in an economically viable process. We assert that this desire to enable and 
improve ethanol production from biomass not only requires a metabolic engineering 
approach, it has shaped the development of the metabolic engineering field, just as our 
desire to produce ethanol has shaped the development of chemistry and chemical 
engineering. Here we highlight and examples of how efforts to improve ethanol 
production have shaped the metabolic engineering field and demonstrate their application 
to other biorenewable fuels and chemicals. Such examples include the expression of non-
native genes to improve ethanol production and substrate utilization, and development 
and utilization of computational and evolutionary and selection-based tools. 
Introduction 
Humanity’s relationship with ethanol has primarily been as a beverage, with 
evidence of beer production dating back to 8000 BCE [1]. Our use of ethanol as a liquid 
storage unit for transportation energy came much later, and was first suggested in 
Morey’s 1826 US patent for a “gas or vapor”-driven engine [2,3]. In the 1860s, 90 
million gallons of ethanol per year were being produced by US distilleries [4]. The fact 
that the average global adult currently imbibes the equivalent of 23 gallons of pure 
alcohol each year [5] is evidence that we still have a significant interest in ethanol as a 
beverage. However, the domestic annual ethanol production rate has increased 150-fold 
over the past 150 years to 13 billion gallons, corresponding to roughly 40 gallons for each 
US citizen, and automotive fuel ethanol currently provides 1.2 quadrillion BTU of energy 
each year in the US [6]. Ethanol is also used as an industrial chemical, but that 
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application is not discussed here [7]. Thus, our interest in producing ethanol as a fuel has 
outpaced our interest in producing ethanol as a beverage. 
Our longstanding interest in ethanol means that it has frequently served as a 
model compound in development of chemical sciences and processes. For example, 
ethanol was featured in Couper’s groundbreaking 1858 description of chemical structures 
based on tetravalent carbon bonding [8,9]. And while distillation technology was first 
described in the context of generating potable water from seawater, it was being used in 
Europe to purify ethanol by the 12th century [10]. The subsequent improvement of the 
distillation process was highly motivated by the desire to produce ethanol [10], and 
distillation has since served as a key technology in the success of the petrochemical 
industry and development of the field of chemical engineering. Thus, interest in ethanol 
has served as a motivation in the development of chemistry and chemical engineering. 
One of the purposes of this chapter is to highlight the similar role that ethanol has played 
in the development of the metabolic engineering field, which is itself an outgrowth of 
chemical engineering (Figure 1). 
Microbes can produce ethanol from a variety of carbon and energy sources. 
Cereal and sugar crops have been the major source of this carbon and energy, though 
fruit, honey and milk are also effective. The scope of this diversion of crops to ethanol 
production is demonstrated by the often-stated example that up to 40% of the Sumerian 
barley supply was used to make beer [1,11]. This trend of relying on cereal and sugar 
crops for ethanol production continues to this day. Brazil, which produced 5.5 million 
gallons of ethanol in 2011 [12], uses sugar cane. The US relies heavily on corn and in 
2011, 26% of the US corn supply was used for ethanol production [12]. The 2012 US 
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average yield for corn was 158.8 bushels per acre [13] and an average of 2.28 gallons of 
anhydrous ethanol were produced per bushel of corn [14]. Thus, roughly 100 gallons of 
ethanol are being produced for every acre of US farmland dedicated to corn production.  
While corn yield per acre has a steadily increasing trajectory, there is a long-term 
interest in the use of lignocellulosic biomass for the production of fuel ethanol. Acid-
mediated depolymerization of saw dust (and other materials) into sugar was noted in 
1819 by Braconnot [15,16]. This acid-mediated hydrolysis and subsequent fermentation 
came to be known as the Classen process [17,18] and by 1910, there were reports of 
economically successful production of ethanol from wood waste [19,20]. But interest in 
these processes waned and they were largely forgotten, as evidenced by the fact that the 
2013 opening of a facility capable of producing ethanol from waste biomass was 
frequently described as the first commercial-scale cellulosic ethanol facility in the US 
[21]. Just as interest in ethanol has driven the development of chemical models, 
distillation technology and the field of metabolic engineering, it has also driven the 
development of the field of biomass deconstruction. Given that the focus of this book 
series is on Biotechnology, this chapter will place more emphasis on the metabolic 
engineering aspect. However, key examples are briefly discussed in Sec. 3. 
This chapter focuses mainly on the development of metabolic engineering 
strategies for improving fermentative production of ethanol. Such strategies include 
pathway engineering to improve ethanol production, pathway engineering to enable 
utilization of biomass derived sugars and the use of computational methods and library 
enrichment to select metabolic pathways for deletion or increased expression. These 
strategies are broadly applicable to other biorenewable fuels and chemicals. There have 
12 
 
 
been many excellent reviews on various aspects of bioethanol production, for example 
[22-43], and this work is my no means exhaustive. We focus on generic strategies than 
have been developed for ethanol production, but are applicable to a wide variety of 
products. 
Metabolic engineering: design, build, test, learn 
Metabolic engineering to enable and improve production of a target compound 
generally follows a certain sequence of events (“design, build, test, learn”). The “design” 
stage consists of identification of the metabolic activity that needs to be eliminated, 
introduced or tuned. Examples of metabolic activity that need to be eliminated or 
decreased include the loss of carbon to pathways that do not lead to the compound of 
interest. Types of metabolic activity that need to be introduced or increased include the 
utilization of a non-native carbon source. The second part of the design step is to develop 
a plan for implementing this desired change in metabolic activity. In the field of 
metabolic engineering, this plan involves some sort of genetic manipulation, such as the 
introduction of new genes, tuning the expression or sequence of existing genes or 
deletion of entire genes. Once the design stage is complete, the plan is implemented in 
the “build” stage. When insufficient knowledge exists to formulate a metabolic 
engineering design, evolutionary or library-based selection methods can sometimes be 
used to build a strain with the desired phenotype. The new strain(s) are characterized in 
the “test” stage, which is not discussed explicitly here. Analysis and reporting of 
successful and unsuccessful strategies comprise the “learn” step, and the cycle begins 
again. Here we highlight some of the key papers for each of these steps, in the context of 
improving ethanol production. 
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Some organisms, such as Zymomonas mobilis and Saccharomyces cerevisiae, are 
naturally able to produce ethanol as their major fermentation product. However, these 
two ethanologenic organisms are not naturally capable of using the pentose sugars that 
are abundant in biomass [44,45]. Contrastingly, Escherichia coli is capable of utilizing a 
wide range of substrates and at the time when interest in ethanol production began to 
increase, was arguably the microbial biocatalyst that was the most well characterized and 
had the largest available arsenal of genetic engineering tools. Therefore, some of the 
earliest papers describing metabolic engineering for ethanol production focused on E. 
coli. Just as ethanol has served as the model product in the development of metabolic 
engineering techniques, E. coli has served largely as the focal organism. Therefore, 
many, though not all, of the examples described here involve E. coli. 
Design: metabolic pathway engineering 
An important first step in designing a successful production organism is ensuring 
that the production organism contains the metabolic pathways that enable production of 
the target compound at a sufficiently high yield. This genetic modification of an organism 
for either improved production of a native metabolite or production of a non-native 
metabolite are two of Cameron and Tong’s five classifications of metabolic engineering 
applications [46]. Also of high importance is the ability of the production organism to 
utilize the desired substrates. Thus, broadening of an organism’s substrate range is 
another one of the five classic metabolic engineering applications [46]. The majority of 
our discussion here in Sec 2.1 will focus on the engineering goals of improving ethanol 
production from a wide variety of substrates, as summarized in Table 1.  
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1. Introduction of a foreign pathway to enable non-native substrate utilization 
Yeast has long been used as an ethanol-production platform due to its native 
ability to produce and tolerate ethanol [47,48]. Various yeast species are still used for 
production of ethanol as a beverage [49] and from hexose-rich sugars. A variety of yeast 
strains that are naturally capable of pentose sugar utilization exist and are well-
represented in the scientific literature, such as Pichia stipitis, later renamed to 
Scheffersomyces stipitis. However, S. cerevisiae remains the most popular yeast strain 
and its lack of ability to metabolize pentose sugars has been an obstacle for its use in the 
production of ethanol from biomass, since pentose sugars are the major constituent of 
hemicellulose fraction of biomass [44,50]. Therefore, much of the early work done to 
enable ethanol production as a biorenewable fuel focused on enabling pentose sugar 
utilization by S. cerevisiae.  
One of the first reported strategies for producing ethanol from xylose involved 
supplementation of S. cerevisae cultures with an exogenously supplied xylose isomerase 
[51]. These efforts were an effective proof of concept, but genetic modification of the 
organism to metabolize xylose on its own is, presumably, a more economical approach. 
Two basic approaches have been used to attain this goal: the introduction of bacterial 
genes for making the substrate utilizable and the expression of genes from pentose-
utilizing yeasts, as previously reviewed [52,53] (Figure 2). Kotter et al enabled functional 
expression of the P. stipitis xylitol dehydrogenase (XDH) in S. cerevisiae and observed 
production of ethanol from xylose, though ethanol titers were much lower than those seen 
from glucose and xylose consumption was incomplete [54]. Engineering of S. cerevisiae 
to express not just the P. stipitis xylitol dehydrogenase but also the P. stipitis xylose 
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reductase (XR) resulted in improved performance, though there were still a variety of 
problems [55]. While enormous strides have been made in this area, as reviewed 
elsewhere [56,57], pentose sugar utilization by S. cerevisiae is an area of ongoing 
research.  
These two Kotter papers are presented here as examples of the metabolic 
engineering strategy of introducing foreign genes in order to improve an organism’s 
substrate range. This strategy has also been used to enable ethanol production from 
pentose sugars by Zymomonas mobilis [58] and ethanol production from the 
anhydrosugar levoglucosan by E. coli [59].  
More recently, the substrate range of S. cerevisiae has been expanded to include 
cellulose [60]. This project included the unusual approach of designing a consortium of 
four engineered S. cerevisiae strains, where each of the four strains expresses and 
secretes a different component of the cellulose-degrading cellulsome complex. When 
grown together, these four strains were able to produce 1.2 g L-1 ethanol while consuming 
cellulose [60]. 
2. Introduction of a foreign pathway to enable homoethanol production  
Given the extensive efforts in enabling pentose sugar metabolism in S. cerevisiae, 
E. coli’s broad substrate range, extensive characterization and ease of manipulation made 
it an attractive platform for the production of biorenewable fuels and chemicals. 
However, E. coli’s native metabolic pathways do not enable the redox-balanced 
production of ethanol as the sole fermentation product [61](Figure 3). Specifically, 
conversion of pyruvate to ethanol via acetyl-CoA and acetaldehyde using the native 
pyruvate formate lyase (PFL) pathway during fermentative conditions requires two 
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NADH molecules, while production of pyruvate from glucose only produces one NADH. 
Thus, there is not enough NADH available to drive the production of two ethanol 
molecules from each glucose molecule. However, the Z. mobilis pyruvate decarboxylase 
(PDC) enzyme provides an alternative, from pyruvate to ethanol that requires only one 
NADH molecule. Thus, the two NADH molecules produced from glycolysis can be used 
to drive the production of two ethanol molecules. 
In 1987, E. coli was engineered for ethanol production by the plasmid-based 
expression the Z. mobilis homoethanol pathway [62]. The resulting strain demonstrated 
an increased yield of biomass and ethanol from glucose, lactose and xylose [63]. These 
two genes were then chromosomally integrated to improve their stability and expression, 
followed by a period of evolution for ethanol production and tolerance [64]. The resulting 
strain, KO11, was shown to produce over 40g L-1 of ethanol from all sugar components 
of lignocellulose with 88% efficiency of conversion [65]. In the 20 years since its first 
description in the literature, KO11 has been used to produce ethanol from a wide variety 
of biomass types, as previously reviewed [66].  
This example demonstrates the use of non-native genes to provide a new 
metabolic pathway to the target compound. Since these publications describing this 
introduction of the Z. mobilis homoethanol pathway into E. coli, it has also been used in a 
variety of other organisms to enable ethanol production, including but not limited to 
Corynebacterium glutamicum [67] and Clostridium cellulolyticum [68]. A particularly 
interesting report that can be traced back to this original E. coli example is the 
engineering of the cyanobacteria Synechocystis to produce ethanol from CO2 via 
photoautotrophical synthesis at the yield of 5.2 mmol OD730 unit -1 liter-1 day-1 of ethanol 
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[69]. Just as with the original E. coli modification, this engineered strain features a 
chromosomal insertion of the Z. mobilis homoethanol pathway. 
This construction of E. coli KO11 also serves as an example of the chromosomal 
integration of non-native genes, as opposed to their expression from plasmids. This 
chromosomal integration is motivated by a desire to improve strain stability and remove 
dependence on antibiotics and inducers. A similar approach has been used to improve 
production of tryptophan by E. coli [70] and xylanase production by Bacillus sp [71]. 
 A more recent work demonstrated production of ethanol not just from biomass-
derived sugars, but from actual biomass. Specifically, the cellulytic organism 
Caldicellulosiruptor bescii was modified for homoethanol production via the expression 
of the Clostridium thermocellum alcohol dehydrogenase (adhE) enzyme [72]. This 
engineered strain was able to produce ethanol from switchgrass at 650C, and though the 
reported titer of 0.5 g L-1 is relatively low compared to other ethanol production 
organisms the lack of dependence on biomass depolymerization and the thermotolerance 
of this organism are both quite promising. 
3. Selection of metabolic pathways for modification 
The examples described above involve instances where a clear route exists 
between the metabolic activity of interest and experimental implementation of that 
activity. For example, it is clear that a microbe that does not utilize pentose sugars 
because it lacks the genes that encode a pentose utilization pathway should be improved 
via provision of these genes. However, in some cases the metabolic engineering target is 
not obvious, and so a computational approach can be used to identify genetic engineering 
targets. 
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Elementary mode analysis is one such computational tool that aids in the selection 
of genes and pathways for deletion in order to improve production of the target 
metabolite. While it was first demonstrated in S. cerevisiae for improvement of poly-p-
hydroxybutyrate production [73], one of the most highly-cited applications deals with 
improvement of mixed sugar utilization by E. coli for ethanol production [74]. The 
challenge of mixed-sugar utilization, and the solution implemented by Trinh et al is 
described below.  
Elementary mode analysis was also used to improve ethanol production from 
glycerol by E. coli [75]. The model predictions were used to construct a strain that uses 
oxygen as the electron acceptor to regulate the balance between cell growth and ethanol 
production. For optimizing this coupling, metabolic evolution was conducted. The final 
strain was able to produce ethanol at 90% of the theoretical yield within 48 h during O2 
limitation. The successful demonstration of elementary mode analysis on E. coli for 
ethanol production inspired its application to E. coli for improved production of other 
compounds, such as diapolycopendioic acid [76], as well as other organisms, including 
Shewanella oneidensis MR-1 [77], and Bacillus subtilis [78].  
Other computational methods consider not just deletion of genes and pathways, 
but also tuning of activity of the remaining enzymes. The first descriptions of the OptReg 
[79] and OptORF computational models [80] both included demonstration of these 
models to improving ethanol production by E. coli. Both of these publications reported 
novel strategies for improving ethanol production, such as deletion of phosphoglucose 
isomerase (pgi) and increasing the expression of phosphogluconate dehydratase (edd) 
[80] and decreased expression of phosphoglucomutase (pgm) [79]. To the best of our 
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knowledge, the effectiveness in these model-based engineering strategies in improving 
ethanol production has not yet been experimental established. However, since their initial 
description, OptReg and OptORF, as well as their computational successors, have been 
demonstrated to be an important part of the set of computational methods available for 
selection of metabolic engineering targets [81]. 
4. Metabolic engineering to enable mixed substrate utilization 
Even though E. coli is often hailed as an attractive biocatalyst due to its ability to 
use hexose and pentose sugars, it has actually proven quite challenging to enable 
simultaneous utilization of these substrates, due to its preference for some carbon sources 
relative to others, as reviewed elsewhere [82,83]. Unlike the two previously discussed 
examples, this problem is not due to the lack of genes encoding the desired activity. 
Instead, it is due to insufficient expression or activity of the genes and enzymes that 
encode the desired metabolic activity.  
As with metabolic engineering efforts to enable pentose sugar utilization, this is a 
problem that has received extensive attention from the metabolic engineering community 
and is discussed only briefly here. Trinh et al used a computational approach to design a 
strain that simultaneously consumes 40 g L-1 each of glucose and xylose to produce 
ethanol at near the theoretical yield within 48 hours [74]. This strain, TCS083, features 
eight gene deletions (zwf, ndh, sfcA, maeB, ldhA, frdA, poxB and pta) and expresses the Z. 
mobilis homoethanol pathway from a plasmid.  
The deletion of methylglyoxal synthase gene (mgsA) was demonstrated to 
improve the co-metabolism of glucose and xylose and promote the conversion of pentose 
mixtures to ethanol. Note that the methylglyoxal pathway diverts carbon to lactate 
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production and that the first product of methylglyoxal synthase inhibits sugar 
metabolism. The resulting strain was able to utilize a 90 g L-1 mixture of xylose and 
glucose to produce 40 g L-1 ethanol [84]. 
5. Selection of pathway components for tuning 
Computational methods can also be focused on one selected pathways with finer 
detail, as opposed to the broad-sweeping computational methods described in section 
“Selection of metabolic pathways for modification”. A kinetic model of xylose utilization 
by S. cerevisiae for ethanol production aimed to identify which portion of the poorly-
functioning pathway should be improved [85]. This analysis concluded that higher 
xylulokinase activity was needed. The authors experimentally verified that increasing 
xylulokinase activity via expression of the E. coli xylB improves ethanol production and 
xylose consumption [85]. Since this initial report, a variety of other studies have reported 
strategies for increasing xylulokinase activity that also improve xylose utilization [86,87], 
including those implemented in the thermotolerant yeast Hansenula polymorpha [88]. 
Design: membrane engineering for improved tolerance 
The ability of ethanol to inhibit microbial growth is one of the reasons for its 
popularity in beverages throughout human history. However, this inhibition of microbial 
growth and metabolism is problematic when we want our microbial biocatalysts to 
produce ethanol at a high concentration. This problem of microbial inhibition by the 
target product is widespread within the metabolic engineering community, as reviewed 
elsewhere [89-93]. 
Just as ethanol served as the test case for the development of techniques for 
altering microbial metabolism, it has also served as a test case for the development of 
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techniques for improving robustness. Most of these techniques are evolutionarily-based 
and are described below. However, Luo et al’s paper on membrane engineering serves as 
an excellent example of rational, predictive engineering of the microbial membrane in 
order to improve tolerance [94]. Motivated by reports that ethanol tolerant organisms 
tend to have more unsaturated fatty acids in their membranes than ethanol-sensitive 
organisms, Luo et al tested the effect of the fatty acid desaturase (des) from Bacillus 
subtilis and a native dehydrase (fabA) on E. coli ethanol tolerance [94]. Consistent with 
expectations, strains expressing the desaturase had decreased unsaturated fatty acid 
content and decreased ethanol tolerance, while strains expressing the dehydrase had 
increased unsaturated fatty acid content and increased ethanol tolerance. To the best of 
our knowledge, the effect of these mutations on ethanol production has not been 
determined.  
Build: targeted genetic manipulation techniques 
Genetic manipulation is generally restricted to either changes to the microbial 
chromosome, such as gene deletion, or the expression of genes from a plasmid. Broadly 
speaking, plasmids are easier to construct and characterize, but are undesirable in 
industrial strains, due to the dependence on antibiotics for maintenance and inducers for 
high expression.  Many of the genetic modification techniques that are widely used in the 
metabolic engineering field were first demonstrated in regards to ethanol production. 
1. One-step chromosomal editing of E. coli 
The Datsenko and Wanner 2000 publication of a new one-step genetic 
modification technique for E. coli [95] has been invaluable to the field of metabolic 
engineering, specifically in the context of chromosomal modifications. This strategy was 
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immediately put into use in order to characterize gene function by deletion of the focal 
gene via replacement with antibiotic resistance markers [96-100]. Shortly afterwards, its 
utility in integrating target gene fragments into the microbial chromosome was also 
demonstrated [101]. Not surprisingly, the first citation of this work in the context of 
improving production of a compound is related to ethanol production. Specifically, 
Underwood et al [102] used this method to delete metabolic pathways that compete with 
the ethanol pathway for acetyl-CoA. Deletion of the pathway leading from acetyl-CoA to 
acetate (ackA) was shown to decrease the time required to reach the maximum ethanol 
concentration by nearly 10%. The Datsenko and Wanner method has received more than 
6,000 citations at the time of this writing and is now ubiquitous in the metabolic 
engineering field. 
2. Shuttle vectors for S. cerevisiae engineering 
A series of modified S. cerevisiae host strains containing nonreverting mutations 
and “shuttle vectors” were constructed, enabling efficient and convenient engineering of 
yeast [103]. The publication describing the technique has received more than 6,000 
citations at the time of this writing and, not surprisingly, improvement of ethanol 
production has been the goal of many of these citing publications. 
For instance, the S. cerevisiae was engineered for improvement of ethanol 
production by increasing expression of the OLE1 desaturase gene via the Sikorski method 
[104]. Another S. cerevisiae strain, YPH499, was modified for improved ethanol 
production by overexpression of a mutant Adh1 gene [105]. The Sikorski method was 
also used to evaluate the performance of cellodextrin transporters from Neurospora 
crassa in the conversion of cellobiose to ethanol [106]. Sikorski’s shuttle vectors were 
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also effective tools in studies related to ethanol production and tolerance of S. cerevisiae. 
This includes the construction of a plasmid expressing the heterologous enzyme enabling 
metabolism of a previously-unusable starch to produce ethanol [107], the combination of 
rational and evolutionary engineering of S. cerevisiae to accelerate the xylose utilization 
and ethanol production [108], the study of the inhibitory effects of overexpression of 
xylose-utilizing enzymes on cell growth and ethanol yields from xylose [109] and the 
identification of genes conferring the improved tolerance of S. cerevisiae to ethanol from 
genomic libraries [110]. These vectors were also used for the study of pyruvate 
decarboxylase, which is related to ethanol formation, in Kluyveromyces marxianus [111]. 
3. CRISPR/Cas 9 
The CRISPR/Cas multiplex genome engineering method seems destined to be 
more impactful to the metabolic engineering field than either of the two methods 
described above [112]. The first reported use of the CRISPR system to improve ethanol 
production was its use in the engineering of S. cerevisiae strain to metabolize xylose via 
expression of the S. stipitis xylose reductase, xylitol dehydrogenase and xylulokinase 
[113]. 
Build: evolutionary strain improvement 
Despite extensive characterization of standard production organisms such as E. 
coli and S. cerevisiae and the computational power of our various metabolic models, in 
some cases the desired strain behavior cannot be implemented via a rational, predictive 
approach. In such cases, reliance on the natural sequence diversity provided through 
evolution can generate the desired metabolic activity, provided that the appropriate 
selective pressure exists for isolating improved strains.  
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1. Genome-wide evolution for improved tolerance and production 
Mutagenesis and screening have been used in a variety of organisms to obtain 
mutants with improved ethanol production ability. For example, a mutant of P. stipitis  
was obtained by UV mutagenesis that exhibited increased ethanol fermentation ability 
from xylose [114]. This mutant was able to produce 43 g L-1 ethanol from 114 g L-1 
xylose, a 38% increase relative to the original strain.  
As mentioned above, the construction of the widely-used ethanologenic E. coli 
KO11 included a period of directed evolution for improved tolerance and production 
[64]. This evolution involved a repeated series of dilution and growth that enriched for 
the fastest growing cells. Since the pathway modifications implemented in E. coli KO11 
had left ethanol production as the only route for NADH production, cells that grew faster 
were assumed to be producing more ethanol. Several years after its original construction 
and evolution, KO11 was subjected to further rounds of evolution that explicitly aimed to 
improve ethanol tolerance [115]. This improved version of KO11, referred to as LY01, 
also showed the desired increase in ethanol production. Specifically, LY01 produced 
approximately 60 g L-1 ethanol from 140 g L-1 xylose within 72 hours, while KO11 
produced approximately 45 g L-1 ethanol [115]. 
These evolutionary methods to improve production by selecting for improved 
growth have been implemented in other metabolic engineering projects. Such examples 
include but are not limited to the improvement of E. coli-based production of optically 
pure D and L-lactic acids [116-118], succinate [119,120] and alanine [121]. This 
approach is also useful for improving substrate utilization, such as lactose [122] and 
pentose sugar [123] utilization by S. cerevisiae. This co-selection of production and 
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growth has historically been limited to cases where production of the target compound is 
the only means of maintaining redox balance and/or producing ATP. However, a recent 
publication employing a metabolic sensor has demonstrated that an evolutionary 
approach can be used to improve the production of compounds that are not redox 
balanced or the sole means of ATP production [124].  
The use of evolution to improve tolerance with the goal of also improving 
production has also been widely adopted by the metabolic engineering community, 
though with mixed results. In some cases, increased tolerance is associated with 
improved production. For example, metabolic evolution of E. coli for fatty acid tolerance 
resulted in improved fatty acid production [125]. Evolution of nontransgenic 
ethanologenic E. coli KC01 for increased ethanol tolerance resulted in improved 
production [126], similar to the observed outcome with evolution of KO11 for ethanol 
tolerance to produce strain LY01. 
Thus, these two types of genome-wide evolutionary techniques that were shown 
to improve ethanol production have successfully been applied to the evolutionary 
improvement of strains that produce other types of biorenewable fuels and chemicals. 
 A more extreme form of generating diversity within an organism’s native genome 
is the combination of mutagenesis and genome shuffling described by Hou [127]. The 
diploid industrial S. cerevisiae strain TH-AADY was subjected to chemical mutagenesis 
followed by three rounds of genome shuffling by sporulation and crossing. The final 
strain could produce 118 g L-1 ethanol from 300 g L-1 glucose with a 10% increase in 
yield relative to the control [127]. The idea of using genome shuffling to improve ethanol 
tolerance by S. cerevisiae has subsequently been expanded to include 318 different 
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strains and analysis of more than 3,000 crosses, resulting in the production of 32% (w/v) 
ethanol at the 8-liter scale [128]. 
2. Enzyme evolution to enable non-recombinant homoethanol production 
As described above, the Z. mobilis homoethanol pathway was introduced to the E. 
coli genome because the native E. coli pathways expressed during fermentative growth 
did not enable redox-balanced production of two ethanol molecules per glucose. 
However, E. coli does encode an alternate enzyme for conversion of pyruvate to acetyl-
CoA. Pyruvate dehydrogenase (PDH) produces NADH and CO2 when converting 
pyruvate of acetyl-CoA, as opposed to the CO2 and H2 produced by PFL. The use of PDH 
instead of PFL to produce ethanol from pyruvate results in a pathway that only needs one 
NADH per ethanol and thus could support redox-balanced production of two ethanol per 
glucose (Figure 2). However, PDH is normally only active during aerobic growth and not 
in fermentative conditions. 
Motivated by a desire to enable homoethanol production without dependence on 
foreign genes, but lacking the information necessary to construction of a rational, 
predictive design strategy, mutagenesis was used to build a strain with PDH activity in 
fermentative conditions [129]. Specifically, PFL activity was eliminated so that the 
ability to produce acetyl-CoA was inhibited in anaerobic conditions. Acetyl-CoA is an 
essential metabolite and thus the strain was unable to grow anaerobically. Cells were 
mutagenized and cells that acquired mutations that enabled them to produce acetyl-CoA 
in the anaerobic condition were isolated and characterized. The resulting strain, named 
SE2378, could produce ethanol as the primary product at more than 80% of the 
theoretical yield from both glucose and xylose fermentation. Characterization of the 
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mutants obtained in this process identified key mutations within the gene encoding 
dihydrolipoamide dehydrogenase (LPD), a component of the PDH enzyme complex 
[130]. Further characterization revealed that the E354K mutation, also referred to as 
lpd101, had decreased sensitivity to negative feedback inhibition from high NADH levels 
and thus could continue to function in the presence of the high NADH levels normally 
present during fermentative growth. 
This general strategy of using a feedback-resistant LPD mutant has been 
implemented by Genomatica to improve production of butanediol by E. coli [131]. The 
specific mutation identified by Kim et al was used to improve production of n-butanol, 
isobutanol and pentanol by E. coli [132-134]. Thus, once again, metabolic engineering 
strategies that were first developed to improve ethanol production have been used to 
improve the production of other fuels and chemicals. 
Test: screening of expression libraries 
Evolutionary methods allow testing of naturally-occurring sequence variations in 
the condition of interest. An alternative to waiting for the best mutations to occur is to 
generate and screen expression libraries. These expression libraries may contain mutant 
versions of a pre-selected gene, or they may enable increased or decreased expression of 
each individual gene. 
1. Expression libraries containing sequence variants of a pre-selected gene 
The evolutionary strategies described above either wait for mutations to occur 
naturally or use a mutagen to generate mutations. In an approach described by Alper et al, 
the metabolic engineer selects a component of the global transcription machinery that is 
involved in the expression of most, if not all, genes. Multiple sequence variants of this 
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gene are produced and screened for their ability to provide a growth advantage in the 
condition of interest. This technique is known as global transcription machinery 
engineering (gTME).  
As with most of the metabolic engineering tools discussed here, the first 
description of gTME included a demonstration of its ability to improve ethanol 
production. However, unlike many of the other tools described here, this first 
demonstration was in S. cerevisiae and not E. coli. Specifically, a mutant library of the 
TATA binding protein Spt15 (a component of the RNA Pol II transcription factor D) was 
subjected to multiple stresses, including high glucose and high ethanol concentrations. 
The selected spt15 mutant clone growth was 13-fold higher with 100 g L-1 glucose and 
6% (vol vol-1) ethanol minimal medium after 20 hours culture. Both the ethanol tolerance 
and the specific ethanol production rate of this strain increased by 41% relative to the 
control strain [135]. As with the lpd mutants described above, characterization of this 
SPT15 variant, termed SPT15-300, was found to contain three key mutations: F177S, 
Y195H, and K218R [136]. This variant of SPT15 has been utilized specifically to 
improve ethanol production by an industrial yeast strain [137]. Since this initial 
demonstration of the effectiveness of gTME in improving ethanol tolerance and 
production in S. cerevisiae, gTME has been used in a variety of applications, including 
the improvement of E. coli ethanol tolerance [138].  
2. Expression libraries that alter gene abundance 
Directed evolution uses serial dilution to enrich for strains containing useful 
mutations either in the genome or a pre-selected gene. These mutations can either occurr 
naturally or with the aid of a mutagen. gTME generates variation within a single pre-
29 
 
 
selected gene that in turn impacts the expression and activity of most of the other genes 
encoded by the organism; successful variants are isolated through library enrichment or 
screening. The multi-Scalar Analysis of Library Enrichments (SCALEs) method 
constructs a library that contains fragments of genomic DNA, so that every gene has the 
opportunity to have increased copy number, and presumably increased expression [139]. 
Enrichment of this library and identification of the overrepresented fragments provides 
insight into methods for implementing the desired phenotype. This approach was used to 
identify increased expression of otsA as a strategy for improving ethanol tolerance and 
production [140], where OtsA is a component of the metabolic pathway that produces the 
osmoprotectant trehalose. To the best of our knowledge, this strategy of increasing OtsA 
expression in order to improve ethanol production has not yet been implemented in other 
metabolic engineering projects. 
3. Expression libraries that vary genomic integration site 
Despite the strong performance of ethanologenic KO11, its dependence on rich 
media supplements decreased its industrial relevance [66,141]. Therefore, SZ110, a lactic 
acid producing derivative of KO11 that performed well in minimal media, was re-
engineered to a highly productive strain LY160 for ethanol production [142]. It was 
proposed that the rich media dependence of KO11 was a function of the expression of the 
Z. mobilis homoethanol pathway, which is in turn a function of the genome integration 
site. Instead of the a priori selection of a new integration site, a library of strains with 
random integration sites was generated and subjected to growth-based screening for their 
ability to produce ethanol in mineral salts media [142]. The final selected strain was 
found to contain the Z. mobilis genes behind the rrlE promoter. This strain was shown to 
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produce over 40 g L-1 ethanol from 90 g L-1 xylose, with a yield of 0.44 g g-1. This 
example demonstrates the combination of randomized chromosomal insertion with 
growth-based selection in order to improve production of ethanol in defined minimal 
growth medium. 
Learn: identifying strategies and targets for the next design stage 
One goal of the metabolic engineering work described here is the development of 
microbial biocatalysts with improved production of ethanol from the desired substrate. A 
second goal, with varying degree of emphasis, is to learn why certain strategies or 
manipulations were successful (or not). This sort of analysis is especially important when 
attempting to extrapolate results from ethanol production to other biorenewable fuels and 
chemicals. 
The learn stage can also consist of characterization of the production organism in 
order to identify and understand the burden imposed by ethanol production. This 
understanding can serve as the basis for the next round of design. 
1. Reverse engineering of improved strains 
Our dependence on evolutionary methods of strain improvement, such as those 
described in Sec. 2.4, demonstrates Orgel’s Second Rule that “evolution is cleverer than 
you are”. When we lack the information needed for rational design, we can build 
improved strains by evolution and selection of expression libraries. But in order to learn 
from these improved strains, we must invest the effort in identifying and understanding 
the key mutations, so that these new design strategies can be implemented into other 
strains. 
31 
 
 
The identification of mutations within E. coli’s LPD and S. cerevisiae’s SPT15 
that enable improved ethanol production have been described above, as has the 
identification of increased expression of otsA as a means of improving ethanol production 
in E. coli. Unfortunately, many of the evolutionarily-acquired improvements in ethanol 
production remained unexplained. Here we briefly describe a few of the tools that are 
becoming available to aid in this reverse engineering. 
In addition to engineering KO11 for an improved ethanol production, ethanol 
tolerance and substrate utilization, efforts have also focused on identifying the mutations 
acquired by KO11 during the evolution process and understanding role in the 
ethanologenic phenotype. Specifically, KO11 was subjected to whole-genome 
sequencing and optical mapping [143]. The main conclusion of this analysis was that a 
region containing the pdc-adhB-cat genes existed as at least 20 tandem copies and that 
extensive genome rearrangements had occurred during the evolutionary process. These 
genomic rearrangements are too large to be identified through the relatively short reads 
associated with next-generation sequencing techniques. Thus, this project demonstrates 
the importance of combining next-generation sequence data with other methods of 
genome analysis. 
Extensive characterization of an evolved ethanol tolerant E. coli strain through 
both genome and transcriptome analysis recently identified three mutations that 
counteract the detrimental effect of ethanol on transcription and translation machinery 
[144]. Specifically, Haft et al identified mutations within a ribosomal protein RpsQ, 
methionine synthesis regulatory MetJ and the transcription termination factor Rho that 
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improve ethanol tolerance, though at the time of this writing the effect of these mutations 
on ethanol production has not yet been publically described.  
2. Identification of metabolic burdens during production 
Once the obvious pathway modifications have been implemented, it is often not 
clear what problem the next design step should address. Cases in which product toxicity 
limits production can be especially frustrating, as many of our rational metabolic 
engineering techniques have been developed for improving carbon flux, not organism 
robustness. Genome-wide (“omic”) analysis at the transcript, protein, metabolic and flux 
level can provide insight into the problems being experienced by the production 
organism. This sort of approach has been previously described in the context of 
carboxylic acid production [145]. Here we briefly describe a few usages of omics 
analysis to learn what sort of problems occur during ethanol production. 
One of the earliest applications of omics analysis to ethanol production was the 
use of DNA arrays to compare transcript abundance in E. coli KO11 and its evolved 
derivative LY01, which has improved ethanol tolerance and production relative to KO11 
[146]. This comparison showed that several pathways involved in the production of 
osmoprotectants, such as glycine and betaine, had increased expression in the evolved 
strain. Provision of these osmoprotectants to the parent strain improved growth in the 
presence of ethanol [146] and ethanol production [147]. This finding inspired later 
engineering efforts to improve organic solvent tolerance in E. coli [148].  
While most of the omics characterization in the context of ethanol has been 
performed during ethanol challenge, there are some examples of characterization during 
ethanol production. For example, transcriptome analysis of Z. mobilis during ethanol 
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production identified small RNAs (sRNAs) that are differentially expressed during 
ethanol production [149]. Further characterization of these sRNAs and their targets could 
improve our understanding of how Z. mobilis is able to produce high levels of ethanol 
and therefore apply this knowledge to other microbial biocatalysts. 
Biomass deconstruction 
While the main goal of this chapter has been to highlight the role that ethanol has 
played in the development of the metabolic engineering field, it has also played a similar 
role in the development of biomass deconstruction methods. Here we discuss examples of 
biomass deconstruction techniques that were first demonstrated with ethanol production, 
but have since been extrapolated to other biorenewable fuels and chemicals. 
Lignocellulosic biomass is well known in the paper and pulping industry and is an 
attractive renewable source of carbon and energy for biofuel production [150]. A 2005 
report estimated that the United States can produce nearly 1 billion dry tons of biomass 
from agricultural lands and 368 million dry tons of biomass from forest resources every 
year [150]. Even the though biomass is quite diverse, all lignocellulose mainly consists of 
three building blocks: cellulose, hemicellulose and lignin. Cellulose and hemicellulose 
are viewed as carbohydrate polymers for sugar production. Lignin has historically been 
utilized mainly as a source of fuel for energy generation, though interest in lignin 
upgrading is starting to increase [151-153]. 
Although the price of lignocellulosic biomass is $40-83 per ton [154], the 
economic efficiency of the lignocellulosic ethanol process is still challenging [155]. In 
section 2, we described the metabolic engineering of two organisms that could produce 
ethanol directly from pure cellulose and from switchgrass. However, these organisms 
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both had very low ethanol titers relative to the existing fermentation organisms and there 
is still a strong demand for the development of cost-effective methods of depolymerizing 
biomass into fermentable molecules. 
A variety of methods have been demonstrated for biomass deconstruction. These 
can be broadly classified as chemical, biological, physical and physicochemical [155]. 
Chemical methods include steam, lime, liquid hot water, ionic liquids, organosolve, 
ammonia, oxidative delignification and ozonolysis [150,155]. Physical and 
physiochemical methods include milling, steam explosion (autohydrolysis), ammonia 
fiber explosion (AFEX), microwave, extrusion, pulsed electric field, pyrolysis, and 
ultrasound.   Consistent with the theme of this chapter, the first description of a novel 
non-enzymatic biomass deconstruction technique demonstrated the effectiveness of this 
method by producing ethanol [156].  
Many of the available biomass deconstruction techniques lead to the production 
of “dirty” streams that contain not only sugars, but also microbial inhibitors such as 
acetate and furfural. Extensive efforts have been described by the metabolic engineering 
community to understand and address the toxicity imposed by these streams, as reviewed 
elsewhere [157-163] and not discussed here. 
Although the metabolic engineering strategies described in Sec. 2 have made 
enormous strides in enabling the production of ethanol at high yields and titers from 
biomass-derived sugars, improvements in biomass deconstruction have also advanced the 
economic viability of ethanol production. 
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Closing remarks  
Humanity’s desire to produce cheap ethanol has driven the development of 
chemistry and chemical engineering. Here we have described how this desire has also 
driven the development of metabolic engineering, and laid the groundwork for enabling 
the production of other biorenewable fuels and chemicals in a manner that is 
economically competitive with petroleum. While assembling this chapter, we were struck 
by how many computationally-based predictions had not yet been experimentally tested 
and how many experimentally verified genetic modification strategies have not been 
implemented by other research groups. The widespread usage of the Z. mobilis 
homoethanol pathway shows that research groups are capable of exchanging metabolic 
engineering ideas and strategies. This willingness and enthusiasm to build on the results 
of others, especially in the context of applying what has been learned from ethanol 
production to other fuels and chemicals, could prove impactful and increase progress.  
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Table 1. Strains designed to produce ethanol as the major fermentation product from a wide range of substrates. Note that the 
theoretical yield of ethanol from glucose is 2 mol mol-1 (0.51 g g-1) and 1.67 mol mol-1 (0.51 g g-1) from xylose. 
 
Organism Genetic Manipulation Result Reference 
S. cerevisiae 
PUA6-9 pRD1 
Expression of P. stipitis xylose reductase and xylitol 
dehydrogenase 
3 g L-1 ethanol from 22.5 g L-1 
xylose. 
[55] 
Z. mobilis 
CP4 pZB5 
Expression of E. coli xylose isomerase (xylA), 
xylulokinase (xylB) and tktA, increased expression of 
native tal 
12 g L-1 ethanol from 25 g L-1 xylose 
25 g L-1 ethanol from a mixture of 25 
g L-1 each glucose and xylose  
[58] 
E. coli KO11+lgk1 
Chromosomal insertion of codon-optimized Lipomyces 
starkeyi levoglucosan kinase lgk 
6 g L-1 ethanol from 20 g L-1 
levoglucosan 
[59] 
S. cerevisiae 
consortium C1 
Strain CB expresses the exoglucose-dockerin from C. 
cellulolyticum 
Strain AT expresses the endogluconase-dockerin from C. 
cellulolyticum 
Strain BF expresses the beta-glucosidase-dockerin of 
Ruminococcus flavefaciens 
Strain SC expresses the engineered cellulose binding 
domain 
1.2 g L-1 ethanol from 10 g L-1 
phosphoric acid swollen cellulose 
[60] 
E. coli KO11 
Chromosomal integration of the Z. mobilis PDC and 
ADH, directed evolution with selection for growth as 
indicator of ethanol production 
41.6 g L-1 ethanol from 80 g L-1 
xylose  
52.8 g L-1 ethanol from 100 g L-1 
glucose 
[63] 
C. cellulolyticum 
CC-pMG8 
Expression of Z. mobilis PDC and ADH 
0.8 g L-1 ethanol from 50 g L-1 
cellulose 
[68] 
Synechocystis PCC 
6803 WT5.2[OH] 
Expression of Z. mobilis PDC and ADH 0.5 g L-1 ethanol from CO2 and light [69] 
C. bescii JWCB032 Expression of C. thermocellum ADH 
0.5 g L-1 ethanol from 20 g L-1 
switchgrass at 650C 
[72] 
E. coli 
TCS083 pLOI297 
Computationally-designed deletion of zwf, ndh, sfcA, 
maeB, ldhA, frdA, poxB, pta and expression of Z. mobilis 
PDC and ADH 
40 g L-1 ethanol from 40 g L-1 
glucose and 40 g L-1 xylose, utilized 
simultaneously 
[74] 
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Figure 1. Mankind’s desire to improve ethanol production has shaped our development 
of techniques for biomass deconstruction, metabolic engineering and separations and has 
thereby heavily influenced the fields of chemistry and chemical engineering. This chapter 
focuses on the “design, build, test, learn” stages of the metabolic engineering cycle. 
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Figure 2. Metabolic pathways for utilization of the pentose sugar xylose. XR: xylose 
reductase; XDH: xylitol dehydrogenase. 
 
 
 
 
Figure 3. Metabolic pathways for production of ethanol. PDH: pyruvate dehydrogenase; 
PFL: pyruvate formate lyase; PDC: pyruvate decarboxylase; ADH: alcohol 
dehydrogenase. 
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Abstract 
Evolutionary methods to improve strain performance are a powerful complement 
to rational, predictive strain engineering. These evolutionary methods can consist of 
serial transfers or engineered methods, such as global transcription machinery 
engineering (gTME) and the SCALEs expression libraries. The types of improvements 
achieved in strain performance include increasing the tolerance to inhibitory products, 
such as alcohols and carboxylic acids, and increasing the tolerance and utilization of 
biomass-derived sugars, such as pentose sugars and biomass hydrolysate. In some cases, 
the selective pressure applied during the evolutionary process has enabled co-selection of 
growth and strain performance. This approach has proven successful for the production 
of ethanol, lactic acid, succinate and alanine. In other cases, strains are evolved for 
tolerance to exogenously-supplied inhibitors, with the intention of increasing production 
by increasing tolerance. This has been successful in some cases, particularly in regards to 
ethanol production. Identification of the mutations that enable the evolved phenotype and 
understanding the molecular basis of their contribution to strain fitness and performance 
can reveal novel strategies for increasing tolerance. In this manner, our knowledge of 
possible design schemes and our understanding of our workhorse biocatalysts are 
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increased. Reverse engineering has provided rational design strategies for increasing 
tolerance to isobutanol, furfural and ethanol as well as increasing the production of 
succinate. 
Keywords 
Directed Evolution, Orgel’s Rule, Reverse Engineering, Mutations, Biofuels 
Introduction  
Metabolic engineering is, by definition, a rational and predictive field [1,2]. This 
type of deliberate, planned approach has enabled the production of a wide variety of 
biorenewable fuels and chemicals, including but not limited to ethanol, butanol, styrene 
and carboxylic acids [3-6]. Similarly, an engineering approach has proven useful in 
enabling the utilization of renewable biomass-derived carbon sources, such as pentose 
sugars [7-9], anhydrosugars [10], and syngas [11,12]. However, our incomplete and 
imperfect knowledge of microbial metabolism, physiology and regulatory networks 
hinders our ability to consistently and efficiently obtain strains with sufficiently high 
titer, yield and/or productivity through rational engineering alone.  
 One of the challenges frequently associated with production of biorenewable 
compounds at a high yield and titer from biomass-derived substrates is biocatalyst 
inhibition [13-19]. This inhibition can either be from the desired product or from non-
sugar components of the “dirty” feedstock. This inhibition can sometimes be mitigated 
via in situ product removal [20-25] or treatment of the feedstock [26-35], though this may 
incur an unacceptable increase in cost.  
Another option for dealing with this inhibition is to modify the biocatalyst for 
increased tolerance of the inhibitory compounds. Metabolic engineering for increased 
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tolerance has included strategies such as provision of the appropriate exporter [36,37] and 
engineering of stronger membranes [38,39]. However, this rational approach to 
increasing tolerance can be limited when either the mechanism of toxicity is not known 
and/or there is not a clear engineering strategy to mitigate the identified inhibition 
mechanism. Omics analysis can prove quite useful in identifying the mechanism of 
inhibition [40-43], though interpretation of omics data is dependent upon the quality and 
thoroughness of enzyme annotation and regulatory network characterization. 
Evolutionary strategies for improving biocatalyst performance provide an 
excellent counterpoint to the rational design strategy. Evolution can be used to improve 
tolerance to exogenous inhibitors, improve utilization of a target substrate or improve 
production of the target compound. Such strategies are not hindered by erroneous or 
incomplete enzyme annotation or lack of regulatory network characterization. When the 
appropriate selective pressure is applied and the key mutations supporting the evolved 
phenotype are identified, novel design strategies can be distilled and our understanding of 
the biocatalyst can increase. As we increase the pool of available design strategies and 
our understanding of the organism, our ability to apply rational, predictive engineering 
strategies also increases.  
The goal of this chapter is to describe the use of evolution to improve production 
of biorenewable fuels and chemicals. Other similar works have been published recently 
on this topic [44-53]. Here we given an overview of how evolution works, the 
development of evolution-based strain design tools, evolution to increase tolerance to 
exogenously supplied inhibitors, evolution to improve strain performance, and reverse 
engineering to identify design principles. Note that evolutionary efforts that target 
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specific enzymes have recently been reviewed elsewhere [54-56] and are not discussed 
here. 
Mechanisms of evolution 
The power of natural selection is promising and very useful for the modification 
of microorganisms for a variety of properties. Put more succinctly as Orgel’s 2nd rule, 
“evolution is cleverer than you are” [57,58]. In this work, we are interested in the use of 
adaptive evolution to improve microbial production of biorenewable fuels and chemicals, 
such as biocatalyst tolerance to toxic compounds or operating conditions, or to otherwise 
improve strain performance.  
How does evolution work? 
The essence of evolution is perturbation of the DNA sequence. These changes can 
occur within coding regions (genes) or non-coding regions. Changes within coding 
regions can either impact the resulting amino acid sequence, or be “silent” mutations that 
change the codon identity but not the resulting amino acid. Changes to the genome 
sequence can occur through a variety of events, as described elsewhere [59-61]. These 
events can involve changes of single nucleotides or insertion or deletion of various-sized 
segments. 
Single base-pair (point) mutations can arise either through damage to the DNA or 
during DNA replication. The physical structure of the nucleotides can be impacted by 
mutagens, such as radiation or ethidium bromide [62,63]. Mutations can also arise via 
incorporation of the wrong nucleotide during DNA replication Though proofreading 
systems exist to detect and repair these types of errors, they are not infallible [64,65].  
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As opposed to the single base-pair changes described above, many observed 
mutations involve the insertion or deletion of more than just one base pair. These types of 
insertions and deletions can possibly arise via transposons and retrotransposons. 
Transposons are a class of genetic elements which can duplicate themselves and move to 
different position within a genome. Retrotransposons are a subclass of transposons, 
which need RNA to be intermediates. Transposons can have dual impacts on their host, in 
that they can confer mutations that are either beneficial or harmful. However, in adaptive 
evolution, transposons are considered to be an accelerator of the evolutionary process 
[66]. Large-scale genomic rearrangements have also been observed [67]. Another 
possible mutation type is the insertion or deletion of a small number of nucleotides, i.e. 
in-frame deletion of a single amino acid [68].  
Most microorganisms have a relatively low and stable mutation rate. For example, 
E. coli averages 0.0025 mutations per genome per replication and S. cerevisiae maintains 
0.0027 mutations per generation [69]. Mutations to the proofreading systems, general 
stress response or DNA repair systems can increase this mutation rate [60,61,70]. For 
example, RpoS is a well-characterized regulator of the general stress response and two 
mechanisms of the RpoS-mediated response can increase the mutation rate of stressed 
cells. One mechanism is the increased expression of the error-prone DNA polymerase, 
Pol IV; the other is the decreased expression of the mismatch repair enzymes [60,61,71].   
Thus, there are a variety of natural mechanisms for generating diversity in 
microbial genomes (Table 1). These mechanisms include single base pair changes, either 
within a coding or non-coding region; short insertions or deletions that can possibly 
truncate a gene or change the number of amino acids; gene silencing or increased 
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expression via transposon insertion; or large-scale rearrangements in genome 
organization. One can envision that these changes can influence the strain behavior in a 
variety of ways, including but not limited to perturbation of transcript abundance, 
transcript stability, translation initiation, translation efficiency and enzyme amino acid 
sequence. This change in amino acid sequence could impact protein function, protein 
stability and interaction with other cellular components. In this manner, directed 
evolution enables screening of these variants and selection of those that confer the 
desired behavior. 
Directed evolution 
Directed evolution performed in the laboratory seeks to exploit the natural 
evolution process in order to obtain strains with desired properties. There are a variety of 
techniques for guided laboratory evolution. Each of these essentially aims to obtain 
evolved strain(s) by propagating the parent strain in a controlled environment. The 
specifics of the propagation methods and the controlled environment depend on the 
experimental purpose.  
A traditional example of this propagation is the sequential transfer method [72-
74]. Essentially, cells are grown in a condition which is stressful enough to slow growth, 
but not stressful enough to halt DNA replication. As the cells grow in this stressful 
condition, some will acquire mutations, as described above. Those that have acquired a 
mutation that enhances growth in the condition of interest will grow faster than their 
cohorts. As additional beneficial mutations are acquired, one strain will eventually 
become the dominant strain within the population. During this time, the selective pressure 
can be increased. Since mutations are largely acquired during the growth phase and since 
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growth is the selective marker, it is desirable to maintain the cells in a state of near-
continual growth. Ideally, such growth would involve the use of a carefully-maintained 
chemostat culture. However, in practice this is often approximated through the use of 
serial batch cultures. Since the culture at the end of the serial transfer process presumably 
contains a variety of strains, it is very important to isolate and characterize single 
colonies before proceeding. Briefly, the culture is diluted into new growth medium on a 
regular basis, i.e. every 24 hours, and the magnitude of the selective pressure is gradually 
increased. Finally the evolved strain is obtained when the cells display the desired 
behavior. Here we briefly describe several cases where this type of approach was used. 
In order to increase thermal tolerance, E. coli cells were sequentially transferred 
in minimal medium for 523 days. During the course of this evolution, the temperature 
was increased from 36.9˚C to 44.8˚C. The final evolved strain was able to grow at 
45.9˚C, while the original parent strain cannot grow at 43.2 ˚C [72].  
A variety of studies have aimed to increase ethanol tolerance. For example, 
ethanologenic E. coli KC01 was sequentially transferred in rich medium with 50 g L-1 
xylose for 6 weeks while the concentration of ethanol was increased from 10 g L-1 to 40 g 
L-1. The evolved strain SZ470 could successfully grow anaerobically in the presence of 
40 g L-1 ethanol. This represents a two-fold increase in ethanol tolerance relative to the 
parent strain [73]. Yomano et al took a slightly different approach to selecting for ethanol 
tolerance. Ethanologenic E. coli strain KO11 was subjected to alternating rounds of 
growth in liquid and on solid media. The liquid media contained selective concentrations 
of ethanol. At the end of the growth period on liquid media, cells were plated onto solid 
media and colonies with high ethanol production capability were identified based on size 
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and morphology [75]. This alternation between liquid and solid media represents a useful 
deviation from the standard liquid-to-liquid serial transfer method. 
Recently, a new sequential transfer method was created and demonstrated by 
increasing n-butanol tolerance in E. coli. This new method is named “visualizing 
evolution in real time” (VERT) [76,77] and is based on traditional evolution, but can 
track distinct improvements in fitness by fluorescence-based techniques [76,77]. In the 
VERT scheme, subpopulations of the parental strain are generated. These subpopulations 
are isogenic except for the recombinant expression of distinct fluorescence proteins. 
These fluorescence reporters enable rapid determination of the population distribution. 
When the various subpopulations are growing at similar rates, the population distribution 
is roughly equal between the various groups. When a cell in one subpopulation acquires a 
useful mutation that enables faster growth, this subpopulation will become dominant. 
This alerts researchers that a useful mutation has occurred.  
Engineered methods of evolution 
Modification of microbial biocatalysts for some complex functionalities, such as 
increased tolerance or production of desired compounds, can require perturbation of 
multiple genes. However, our ability to rationally plan and then introduce these 
modifications can be limited by our knowledge of microbial physiology and metabolism 
and resource availability. These combinations can also require unacceptably lengthy 
directed evolution schemes.  
Global transcription machinery engineering (gTME) 
Global transcription machinery engineering (gTME) aims to introduce these 
multiple perturbations to the transcriptome by altering the transcription machinery. This 
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method has proven to be an appealing and efficient tool to improve the performance of 
biocatalysts [78].  
One of the first examples of gTME was the improvement of ethanol tolerance and 
production by S. cerevisiae [79]. A library of mutated versions of the SPT15 gene, which 
encodes the TATA-binding protein, was generated by error-prone PCR. This led to 
increased ethanol tolerance and yield, as described below. SPT15 was also selected for 
mutation in a gTME project that aimed to improve xylose tolerance and consumption by 
S. cerevisiae [80]. The mutant library was screened in xylose defined medium; the 
resulting strain showed a conversion efficiency of 93.5% for 50 g L-1 xylose. This 
conversion efficiency is comparable to the 98.3% observed for 50 g L-1 glucose. Even 
when glucose and xylose were supplied as a ratio of 1:1, the utilization was 97.3% and 
90.8% respectively. 
The power of gTME has also been demonstrated in E. coli [78]. The rpoD gene, 
which encodes the main sigma factor σ70, was subjected to random mutagenesis, along 
with its promoter region, for three rounds of error-prone PCR. After screening and 
selection from the library in the presence of 50 g L-1 ethanol, the best mutant showed 
better growth in the presence of 20 – 70 g L-1 ethanol relative to the strain harboring only 
the wild-type rpoD. gTME was also demonstrated to increase the production of lycopene 
by 50% and increase tolerance to multiple inhibitors, such as sodium dodecyl sulfate. 
Global transcription factor cyclic AMP receptor protein (CRP) of E. coli was 
subjected to gTME for increasing the tolerance to 1-butanol [81]. Four mutants with 
improved performance were selected from the library. DNA shuffling was then used to 
combine these beneficial mutations. The final mutant MT5 showed a growth rate of 0.18 
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h-1 in the presence of 9.7 g L-1 1-butanol, which was twice as high as that observed for the 
parent strain. 
Thus, gTME has proven to be an effective method for enabling complex 
phenotypes in a variety of organisms. These complex phenotypes include tolerance of 
inhibitory compounds and production of target compounds. 
SCALEs  
 gTME aims to perturb the expression of a large number of genes by changing the 
sequence, and therefore behavior, of proteins involved in controlling gene expression. 
SCALEs aims to perturb the expression of multiple genes by increasing the copy number 
of genomic DNA fragments of various sizes. Libraries of cells containing these fragments 
are then enriched for their ability to confer a phenotype of interest. The cells isolated by 
this enrichment procedure are typically then subjected to a genome-wide, microarray-
type multiscale analysis [82].  
For example, E. coli K12 was used to construct five genomic libraries for the 
demonstration and validation of SCALEs [82]. Transformants carrying the plasmid -
based DNA fragments of different sizes were cultured in a continuous fermentation 
system for selection and sampled periodically. Microarray and multiscale analysis was 
then conducted on the enriched plasmids to identify the position and size of the inserts 
contributing to the increased fitness.  
This approach was used to identify E. coli K12 genes responsible for the 
increased tolerance of E. coli to acetate. This interest in acetate tolerance was motivated 
by the fact that acetate is a common inhibitor found in biomass hydrolysate [83]. The 
populations surviving in the presence of 1.75 g L-1 acetate were selected and subjected to 
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microarray and multiscale analysis. In this manner, a list of genes whose overexpression 
contributed to high acetate tolerance was obtained. This list includes such genes as murC 
for peptidoglycan biosynthesis and yjdL for dipeptide transporter. 
 The SCALEs method was also employed to improve the growth of E. coli 
NZN111 [84]. Previous metabolic engineering of NZN111 had resulted in a growth 
deficiency due to a high NADH/NAD+ ratio. The SCALEs analysis led to the 
identification of 9 E. coli K12 genes that can increase the growth of NZN111 
approximately 5-fold when their expression was increased. The enriched population also 
showed a 20% increase in succinate production. 
 Other methods for improving the relative fitness of biocatalysts include 
COMPACTER [85] and TRMR [86]. 
Evolution for increased tolerance  
As described in many recent reviews [17,87-89], the metabolic engineering of 
biocatalysts for economically-viable production of desired compounds is often restricted 
by product-mediated inhibition, such as that imposed by organic solvents [90,91] and 
carboxylic acids [18]. Additionally, low-cost, renewable feedstocks, such as those 
derived from biomass or industrial byproducts, often contain compounds that can inhibit 
biocatalyst growth and metabolism [92]. One approach for dealing with this inhibition is 
selective removal of the inhibitory compound as it is formed [93-95]. Another approach 
is to evolve the microbes for improved tolerance of the inhibitory compounds [19,96] 
(Table 2). Performing reverse engineering to reproduce the phenotype or trait of interest 
can aid in the identification of design principles and increased characterization of the host 
microbe, as described below. 
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Organic solvents, including next-generation biofuels such as butanol [19], are 
highly toxic to microorganisms. This toxicity is largely attributed to their hydrophobicity 
and the resulting damage to the cell membrane [97,98]. A variety of rational engineering 
strategies have been applied to increase the tolerance of biocatalysts to these inhibitory 
products. Here we briefly summarize two of these. As mentioned above, provision of 
biocatalysts with appropriate efflux pumps has been shown to increase tolerance to 
inhibitory products [19]. For example, marA, which is responsible for activation of the 
AcrAB-TolC efflux pump, was overexpressed in E. coli leading to the increased tolerance 
to geraniol [99]. On solid media with 1.0% (v/v) geraniol, the strain harboring 
overexpressed marA gene showed 104-fold colony forming efficiency compared to that of 
the parent strain. Additionally, the intracellular accumulation of geraniol was only half of 
the parent strain. Organic solvents can interfere with appropriate protein folding, and thus 
the GroESL chaperone system, which facilitates protein folding, was overexpressed in E. 
coli. The resulting strain had increased tolerance to organic solvents such as ethanol, n-, 
2-, i-butanol and 1, 2, 4-butanetriol [100].  
The standard sequential transfer method has been used in a variety of cases to 
adapt microbes to inhibitory environments (Table 2) [101]. Here we summarize a few of 
these instances. Uses of modified evolution techniques are described at the end of this 
section. 
Directed evolution was conducted in batch fermentors to acquire a strain of E. coli 
with increased isobutanol tolerance. After 45 sequential transfers, tolerance increased 
from 4 g L-1 to 8 g L-1 [102]. This demonstrates the ability of the sequential transfer 
method to obtain significant gains in tolerance in a relatively short time. In another 
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isobutanol-focused project, parallel directed evolution was applied to multiple 
populations of E. coli simultaneously in minimal medium containing isobutanol with 
either glucose or xylose as carbon source [103]. After approximately 500 generations in 
glucose medium and 430 generations in xylose medium, the tolerance of the mutants was 
improved from 0.75% (w/v) to 2% (w/v) and 1.75% (w/v), respectively. However, the 
strain evolved on glucose also showed increased isobutanol tolerance in xylose minimal 
media and the strain evolved on xylose showed increased isobutanol tolerance in glucose 
minimal media. Thus, the specificity of the adaptation in the two carbon sources was 
relatively low. When these evolved strains were further characterized in rich media with 
isobutanol, there was no significant gain in fitness relative to the parent. These results 
highlight the fact that selected mutations can be specific to the experimental conditions 
(media type) while other aspects of the experimental condition can be less impactful 
(carbon source). 
Another evolutionary approach to improve isobutanol production by E. coli 
focused on tolerance of the valine analog norvaline [104]. It should be noted that the 
isobutanol production pathway in this case is this same pathway that is used to produce 
valine. Through a combination of mutagenic treatment, selection for growth in the 
presence of norvaline, and repair of a mutation within rpoS, the final strain NV3r1 was 
obtained. This strain produced 21.2 g L-1 isobutanol at a yield of 0.31 g g-1, relative to the 
12.0 g L-1 and 0.24 g g-1 observed for the parent strain.     
Directed evolution has also been applied to microorganisms other than E. coli. A 
butanol-tolerant S. cerevisiae strain was obtained after 30 serial transfers in the presence 
of 2-butanol [105]. The resulting mutant was able to maintain growth in 3% (v/v) 2-
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butanol, a concentration which completely inhibited growth of the parent strain. The 
evolved strain also showed increased tolerance to other butanol isomers. Specifically, the 
evolved strain was able to grow in the presence of 1.9% (v/v) 1-butanol and 1.9% (v/v) 
iso-butanol, while no growth was observed for the parent strain in these concentrations. 
Similarly, when Pseudomonas putida was evolved for cyclohexane tolerance, it also 
acquired enhanced tolerance to the organic solvents decalin, methyl cyclohexane and 
toluene [106]. This evolved strain was acquired by only 12 sequential transfers with 
cyclohexane content increased from an original value of 5% (v/v) to a final concentration 
of 60% (v/v). Note that evolved strain was evaluated in 60% (v/v) of each of the solvents 
listed. These two studies demonstrate that adaptive mutations that confer tolerance one 
inhibitor can also be beneficial in conferring tolerance to other, chemically similar, 
inhibitors. 
Carboxylic acids are very appealing biorenewable chemicals for synthesizing a 
variety of commodity chemicals [107,108]. However, as with organic solvents, the fact 
that they hinder the performance of the biocatalyst is still an issue that needs to be 
addressed for economically viable production [109,110]. Many rational engineering 
efforts have been taken to improve the resistance of microbes to the free fatty acids. For 
example, the Aas pathway for incorporating medium-chain fatty acids into membrane 
phospholipids was deleted in E. coli with the expression of the gene encoding cytosolic 
acyl-ACP thioesterase from Umbellularia californica to alleviate the toxicity and restore 
the strength of cell membrane [111]. The CFUs (colony-forming unit) of the engineered 
strain were twice as high as those of the parent strain in the presence of 1 g L-1 of 12:0 
and 14:0 fatty acids. By employing an alternative thioesterase from Geobacillus 
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sp.Y412MC10, the membrane content of unsaturated fatty acids was decreased, thus 
increasing the tolerance to the free fatty acids [38]. An evolutionary approach has also 
been used to improve tolerance to octanoic acid in E. coli [112]. Specifically, 17 transfers 
were performed in glucose minimal media over the course of approximately 700 hours. 
Initially, 10 mM octanoic acid was used, though the concentration was gradually 
increased to 30 mM. The resulting evolved strain showed increased tolerance not only to 
octanoic acid, but also to hexanoic acid, decanoic acid, and somewhat surprisingly, 
isobutanol and n-butanol.  
In addition to dealing with inhibitory products, biocatalysts can also be limited by 
the inhibitory compounds contained in the substrates. Biomass-derived sugars have been 
utilized as substrate for the production of biorenewable chemicals and fuels [113,114]. 
However, inhibitory compounds are often formed during the pretreatment process 
[16,115]. Some of these compounds, including furan derivatives, aldehydes and organic 
acids, have been under investigation regarding their impact on microbes [16,43,116-118]. 
Furfural is the most thoroughly characterized of these biomass-associated inhibitors [119-
125]. 
A furfural-resistant E. coli strain EMFR9 was derived from ethanologenic LY180 
based on growth in batch fermentors with gradually increased furfural concentration from 
0.5 g L-1 to 1.3 g L-1 during 54 serial transfers [122]. In minimal medium with 100g L-1 
xylose, this resulting strain could produce approximately 40 g L-1 ethanol in the presence 
of 1.0 g L-1 furfural; the parent LY180 could not even maintain growth in such 
conditions. The increased tolerance of EMFR9 to furfural also resulted in increased 
tolerance to 5-hydroxymethyl furfural (5-HMF) [126]. Specifically, EMFR9 produced 
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more than 40 g L-1 ethanol after 96 hr in minimal medium with 100 g L-1 xylose and 2.5 g 
L-1 5-HMF. Note that 1.0 g L-1 5-HMF completely inhibited growth of the parent strain.  
Directed evolution has also been applied to directly improve the tolerance of 
biocatalysts to lignocellulosic biomass hydrolysate. S. cerevisiae strain TMB3400 was 
evolved in batch cultures with 20 g L-1 glucose and xylose respectively and 12 inhibitory 
compounds. Specifically, these cultures included HMF, furfural, acetic acid, formic acid, 
levulinic acid, vanillin, syringaldehyde, coniferyl aldehyde, hydroquinone, cinnamic acid, 
4-hydroxybenzoic acid and guaiacyl acetone, each of which have been detected in spruce 
hydrolysate [127]. When characterized in the presence of 20 wt% of this simulated spruce 
hydrolysate “cocktail”, the evolved strain’s maximum specific growth rate (0.33 h-1) was 
double that of the parent and the length of the lag phase was similarly reduced 2-fold. 
The original parent strain was also evolved in a chemostat for 97 generations using actual 
spruce hydrolysate, as opposed to the simulated cocktail. Initially, 20% (v/v) hydrolysate 
was used and the concentration was gradually increased to 50% (v/v). Mutants were 
selected from both evolutionary procedures and further characterized. Strains from both 
groups demonstrated a 25 – 38% increase in specific sugar consumption rates and a 32 – 
50% increase of specific ethanol productivity compared to the parent strain using actual 
spruce hydrolysate. 
Modified evolutionary strategies have also been used to increase tolerance to 
organic solvents. gTME was used on the global transcription factor cAMP receptor 
protein (CRP) for improving the tolerance of E. coli to isobutanol [128]. One of the 
resulting mutants showed growth of 0.18 h-1, compared to 0.05 h-1 of the parent strain, in 
9.6 g L-1 of isobutanol.  
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VERT was applied to E. coli BW25113 for improving its tolerance to n-butanol in 
chemostat with M9 minimal medium and 5 g L-1 glucose [129]. After 144 generations, 
the resistance of the evolved strain was increased from 0.5% (v/v) to 1.3% (v/v).VERT 
was also used to identify the adaptive events of S. cerevisiae derived from FY2 during 
corn stover hydrolysate utilization [130]. The growth rate of the best mutant was 
increased by 57% in 25% (v/v) hydrolysate relative to the parent strain.  
Here we have described the use of serial transfer-based evolution, gTME and 
VERT to increase the tolerance of a microbial biocatalyst to specific inhibitory 
compounds. It can be seen that these are effective tools and sometimes the acquired 
tolerance also applies to other compounds. However, as described in the next section, 
acquiring tolerance with the goal of increasing production of the focal compound, has 
proven challenging. 
Evolution for increased production 
Besides enhancing biocatalyst tolerance to both substrates and products, 
metabolic engineering of biocatalysts for improving their performance of production is 
also of great importance. In some cases, evolution-based strategies can be designed so 
that selecting for cells with faster growth co-selects for strains with improved production 
abilities (Table 3). 
E. coli W was engineered for ethanol production by chromosomal insertion of the 
pdc and adhB genes from Zymomonas mobilis [131]. Successive dilutions were 
transferred to solid media for selecting large colonies with higher expression of these two 
genes, enabling higher ethanol production. Serial transfers in rich media with 10% 
glucose were then used to stabilize both the alcohol dehydrogenase activity and the high 
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resistance to Cm, where Cm resistance is indicative of pdc/adhB expression. These serial 
transfers were performed for more than 60 generations. The resulting strains were able to 
produce more than 50 g L-1 ethanol from 100 g L-1 glucose and more than 40 g L-1 
ethanol from 80 g L-1 xylose. 
E. coli strain TCS009, a derivative of MG1655 engineered for production of 
ethanol from glycerol, was also improved through co-selection of growth and ethanol 
production [132]. After 500 serial dilutions in minimal media with glycerol as sole 
carbon source, the specific growth rate had increased 1.8-fold. Ethanol production by this 
evolved strain was also improved both in terms of yield and rate. Specifically, the 
evolved strain produced ethanol from glycerol at a yield of 0.45+0.01 g/g-1 over 48 hours, 
while its parent had a yield of 0.34+0.00 g/g-1 over 72 hours.  
This growth-based strain improvement was also used as part of the engineering of 
E. coli W3110 for D-lactic acid production. Alternating periods of rational pathway 
engineering and serial transfer-based metabolic evolution were used to fine-tune strain 
performance. In this case, the engineered central metabolic pathway enabled co-selection 
for growth and lactic acid production because the engineered strain was only able to 
regenerate NAD+ through the production of lactic acid. The final strain was able to 
produce more than 500 mM D-lactic acid with 98% purity from mineral salts medium 
containing 5% glucose [133].  
E. coli KO11 was modified for D-lactate production by alternating rounds of 
rationally-selected genetic manipulations and directed evolution. This re-engineering 
included elimination of the ethanol pathway, along with other competing pathways. This 
pathway elimination left the lactate-producing pathway as the sole route for regenerating 
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NAD+. Then, the engineered strain was subjected to sequential transfer-based evolution. 
By co-selecting growth and lactate production, the resulting strain SZ132 was able to 
produce 1000±20 mmol D-lactate in rich medium with 10% (w/v) glucose and 700±11 
mmol D-lactate from defined NBS medium, also with 10% (w/v) glucose [134]. SZ132 
was further modified to eliminate loss of carbon due to co-product formation. The poor 
performance of the resulting strain SZ186 in mineral salts medium motivated further 
rounds of serial transfer-based metabolic evolution to improve the ability to completely 
utilize glucose [135]. 1.23±0.03 M D-lactate could be produced by the final strain SZ194 
from NBS medium with 12% (w/v) glucose.  
A similar strategy was used for succinate production. E. coli ATCC 8739 was 
rationally engineered for succinate production by the traditional elimination of competing 
pathways. In this case, cell growth was coupled with succinate production since the 
succinate-synthesizing pathway was the sole route for regeneration of NAD+. With the 
alternating use of metabolic engineering and evolution for more than 1,000 generations, 
the resulting strain HX024 was able to produce 813±28 mM succinate from NBS mineral 
salts medium with 12% (w/v) glucose, which was 4.5 fold more than the parent strain 
[136].  
Similarly, deleting the alternative NAD+-generating pathways resulted in 
succinate production as the only route for oxidizing NADH. After conducting 2,000 
generations of metabolic evolution, the selected mutants produced 622–733 mM 
succinate from AM1 medium with 100 g L-1 glucose and 516 mM malate from NBS 
medium with 100 g L-1 glucose [137].  
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The examples described above were all able to redesign the central metabolic 
pathways so that the biocatalyst could only maintain redox balance by producing the 
target compound. In this manner, cells that acquired mutations that enabled increased 
production of the target compound would also have increased ability to turn over NADH, 
resulting in increased biomass production and growth. There are also examples of 
metabolic pathway redesigns so that production of the target compound is the only way to 
produce the ATP needed for growth. 
For example, the L-lactic acid producer SZ194 described above was re-
engineered for alanine production by replacing the ldhA gene with the gene encoding an 
alanine dehydrogenase from Geobacillus stearothermophilus [138]. In the redesigned 
metabolic pathways, cells could produce ATP by producing alanine. Through a similar 
alternating strategy of rational engineering and serial transfer-based evolution, the 
resulting strain could convert 120 g L-1 of glucose to 1279 mmol L-alanine within 48 h.  
A similar strategy was used to engineer E. coli for production of optically pure L-
lactic acid. E. coli SZ63 [133], initially engineered for D-lactate production, was 
modified for L-lactate production by replacing the native ldhA gene with the ldhL gene 
from Pediococcus acidilactici [139]. Metabolic evolution was then required to improve 
the expression of the foreign gene, as determined by comparison of growth and lactate 
dehydrogenase activity to the L-lactic acid producing parent strain. After a period of 
evolutionary selection, the selected strain SZ85 was able to produce 505±12 mM L-
lactate from M9 medium with 5% (w/v) glucose within 24h. 
Computational strain design via the OptKnock optimization algorithm was used to 
predict manipulations needed for lactic acid production by E. coli strain MG1655 [140]. 
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Growth of this engineered strain was coupled to lactate production and thus 
approximately 1,000 generations of adaptive evolution in minimal media followed the 
strain engineering. Eleven different strains were characterized by this method. The best 
lactate producer attained a titer of 19 mM lactate from 0.2% glucose. 
Directed evolution was also applied to biocatalysts in conjunction with targeted 
genetic manipulations to enhance strain performance. An industrial S. cerevisiae strain 
was modified for production of ethanol from pentose sugars by introducing the D-xylose-
utilization cassette from Clostridium phytofermentans. This engineered strain was then 
subjected to both treatment with the chemical mutagen ethyl methanesulfonate (EMS) 
and genome shuffling. The EMS treatment aimed to increase the mutation rate and the 
genome shuffling provided large-scale rearrangements that were unlikely to occur 
naturally. The resulting strain was then subjected to directed evolution in the form of 11 
sequential batch cultures in the presence of increasing concentrations of xylose. The 
initial xylose concentration was 40 g L-1, the final concentration was 100 g L-1. The final 
strain produced ethanol at a yield of 0.46 g g-1 in YP medium from a mixture of xylose 
and glucose. This yield was double that observed for the parent strain [141].  
Another example of evolutionary improvement of yeast behavior is the 
improvement of lactose utilization by S. cerevisiae T1 [142]. After serial transfers in 
batch fermenters, the ethanol production from lactose was increased from 7.1±0.8 g L-1 to 
10.52±0.04 g L-1. 
Enabling increased production by increasing tolerance  
As described above, it is sometimes possible to co-select for increased production 
of a target compound and growth. This enables evolution-based selection of strains with 
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the ability to produce the target compound at increased yield, titer and/or productivity. 
But such selection schemes are not always feasible. In such cases, strains are often 
evolved for increased tolerance of an exogenously supplied target compound, with the 
goal of increasing the strain’s ability to produce the target compound. This has met with 
mixed results (Table 4).  
Various projects have aimed to increase the ethanol tolerance of ethanologenic E. 
coli strains through directed evolution. Recombinant KO11 grew poorly in the presence 
of 35 g L-1 ethanol and had a maximum observed ethanol titer of more than 50 g L-1. Its 
evolved derivative LY01 could tolerate up to 50 g L-1 of ethanol and was able to produce 
60 g L-1 ethanol from 140 g L-1 of either glucose or xylose within 72 hrs [75]. Note that 
the evolution of strain LY01 included selection for high ethanol-producing strains, as 
evaluated by colony size and morphology on solid media. Strain SZ470, the evolved 
derivative of nontransgenic E. coli KC01 [73], not only had increased ethanol tolerance 
but also had improved ethanol production. Specifically, within 72 hours SZ470 produced 
23.5 g L-1 ethanol from 50 g L-1 xylose; KC01 only produced 16 g L-1.  
A non-carboxylic acid producing derivative of E. coli strain MG1655 was evolved 
for tolerance to exogenously supplied octanoic acid. When the evolved strain LAR was 
provided with the thioesterase for octanoic acid production, the observed octanoic acid 
titer was approximately twice as high as that observed for the parent strain, also encoding 
the thioesterase [112]. 
In one of the first demonstrations of gTME, TATA-binding protein Spt15 of S. 
cerevisiae was targeted, with the goal of improving tolerance to 20% (v/v) ethanol and up 
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to 120 g L-1 glucose [79]. The selected mutant strain had an ethanol yield of 0.40 g/g, an 
increase of 15% relative to the parent.  
However, increased tolerance does not always contribute to improved production. 
This disconnect between tolerance of exogenously supplied inhibitor and increased 
ability to produce the inhibitor has also been observed in some rational engineering-based 
design schemes [38]. E. coli strain SA481 was obtained by evolution of an isobutanol-
producing strain for tolerance to exogenously supplied isobutanol [102]. However, the 
isobutanol titer of 20 g L-1 achieved by this evolved strain in standard fermentation 
conditions was similar to the parent. 
Reverse engineering of evolved strains  
As is evident from the cases described above, evolution-based strain improvement 
is a valuable partner for rational engineering strategies. Our reliance on evolutionary 
techniques is partially due to incomplete understanding of our biocatalysts. Investing the 
time and effort to fully characterize the evolved strains and identify and understand the 
mutations that confer evolved strain behavior can increase our understanding of these 
organisms (Table 5). This increased understanding can in turn lead to decreased 
dependence on evolutionary methods. We refer to this characterization of evolved strains 
as reverse engineering.  
Recently, characterization tools such as genome sequencing, transcriptome 
analysis and metabolic flux analysis, have become faster and cheaper, all of which 
support reverse engineering efforts. Reverse engineering aims not to identify all 
mutations that occurred during evolution, but to instead identify the crucial mutations 
which enable the evolved phenotype, and to understand how these mutations are 
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beneficial. Reverse engineering is a tool to expose the story behind the evolution 
experiments, which can in turn accelerate the pace of future biorenewable fuels and 
chemicals design processes.  
Identifying and understanding the key mutations that support the evolved 
phenotype requires knowledge of what mutations occurred during the evolutionary 
engineering. Whole-genome sequencing is invaluable to this goal [143]. As described 
above, isobutanol-producing E. coli was subjected to directed evolution to increase both 
isobutanol tolerance and isobutanol production [102]. The evolved strain, SA481, was 
found to have acquired one single nucleotide change, 25 insertion sequences and a 
genomic deletion involving 62 genes. 28 of these mutations were individually 
reconstructed in the parent strain and tested for their contribution to the evolved 
phenotype. Five of these mutations were found to contribute to the evolved phenotype. 
These five mutations, essentially deletion of acrA, gatY, tnaA, yhbJ and marCRAB, were 
then combined into a single strain TW306 and the resulting phenotype was assessed. The 
engineered strain TW306 reproduced the evolved strain phenotype [102]. 
After finding the important mutations, the next step is to explore which mutations 
promote fitness, the mechanisms of how the tolerance to inhibitors has increased, and the 
functions of poorly-characterized enzymes and pathways involved in the evolved 
phenotype. In addition to the use of genome sequence as described above, transcriptome 
analysis and metabolic flux analysis have proven quite useful in such efforts [43,122].  
For the ethanologenic E. coli strain evolved for furfural tolerance, transcriptome 
analysis led to the discovery that YqhD is the primary NADPH-dependent furfural 
reductase in E. coli [122,144]. Sequence analysis of the region surrounding yqhD 
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identified an insertion mutation within yqhC in the evolved strain. This mutation was 
found to be responsible for the decreased expression of YqhD because YqhC is a 
regulator of yqhD [145]. 
E. coli strain MG1655 was subjected to evolution for increased ethanol tolerance 
and then characterized via a variety of techniques, including genome sequencing, 
transcriptome analysis and ribosome profiling. Six mutated genes (metJ, rho, rpsQ, ispB, 
lptF, topA) were identified in evolved strain MTA156. Only one of these mutations, 
H122L within topA, was found to have no impact on ethanol tolerance. The main goal of 
this study was to understand the impact of ethanol on gene expression machinery, and 
thus these researchers focused the rest of their characterization on the MetJ 
transcriptional repressor, Rho transcription termination factor, and RpsQ ribosomal 
subunit protein. The H31P mutation in RpsQ was found to decrease the effect of ethanol 
on miscoding errors during translation. This decrease in translational misreading was due 
to enhanced ribosome accuracy. The rho [L270M] mutation led to decreased activity of 
Rho-dependent terminators, where these terminators can cause abnormal transcription 
termination under ethanol stress. The ∆E91mutation within MetJ results in increased 
expression of methionine biosynthesis genes; this presumably leads to increased 
methionine availability, preventing some ribosomal stalling [68]. The thorough reverse 
engineering efforts employed here have provided multiple new mechanisms of ethanol 
toxicity, as well as design strategies for mitigating this toxicity.  
As described above, a metabolic pathway was designed in E. coli C so that 
production of succinate was linked to growth. It was found that in this evolved strain, the 
glucose uptake system had switched from the traditional PEP-based phosphotransferase 
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system to the GalP permease. This change occurred via a mutation in ptsI and allowed 
more PEP to be directed towards succinate, instead of being converted to pyruvate via 
glucose import. A second change in the evolved strain was the increased usage of the 
PEP carboxykinase (Pck) pathway to convert PEP to OAA instead of the PEP 
carboxylase (Ppc) pathway. The Pck pathway produces a molecule of ATP for every 
conversion of PEP to OAA while the PPC pathway does not. This results in the 
production of more ATP in the evolved strain. This change in pathway usage was 
evidenced by both increased activity of the Ppc pathway and increased expression of the 
genes encoding this pathway. This increased expression was attributed to at least three 
distinct mutations. These results demonstrate the ability to identify important mutations 
and pathway changes even in the absence of whole-genome sequence data [146]. 
A distinct strain of E. coli engineered for succinate production, NZ-037, was also 
subjected to metabolic evolution to improve its succinate production. The evolved strain, 
HX024, was found to have three distinct single base pair changes within the lpdA gene. 
Each of these nucleotide changes resulted in a change in the corresponding amino acid. 
This alteration to the LpdA protein sequence eliminated the NADH sensitivity of the 
pyruvate dehydrogenase enzyme complex, of which LpdA is a component. This 
decreased NADH sensitivity enabled increased succinate production [136]. 
Eleven E. coli strains subjected to computationally-designed engineering 
strategies and then evolved by co-selecting for growth and lactate production were 
subjected to whole-genome sequencing and characterization [147]. Seven of these 
sequenced strains were found to contain a 82-bp deletion mutation in the rph-pyrE 
region. rph encodes an RNase and pyrE encodes an enzyme involved in biosynthesis of 
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pyrimidine nucleotides. Introduction of this mutation into the parent strain was shown to 
increase growth by approximately 15%. 
These examples demonstrate how reverse engineering efforts can reveal novel 
design strategies and increase our understanding of microbial physiology and 
metabolism.  
Modeling of evolution 
 There has been much work performed recently in modeling the evolutionary 
process in silico. This work is discussed here only briefly. A thermodynamic perspective 
has also been applied to these models and, as supported by experimental data of 
Thermoanaerobacterium saccharolyticum evolution, shown that the rate of entropy 
production increases as a strain is allowed to evolve [148]. This entropy increase was 
shown to be asymptotically approaching a maximum rate of entropy production predicted 
according to the Boltzmann distribution. Further consideration of this evolved organism 
in terms of metabolic control analysis successfully predicted the enzyme likely to be 
altered during the evolution of T. saccharolyticum in serial cultures [149]. Specifically, 
the metabolic reaction performed by phosphoglucose isomerase had the large flux control 
coefficient of the various metabolic reactions and when sequenced in 10 evolved clones, 
the gene encoding phosphoglucose isomerase was found to contain a variety of 
mutations. These results demonstrate the ability of a predictive model to prioritize targets 
for engineering, targeted enzyme evolution, or analysis when characterizing evolved 
isolates. 
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Concluding statement 
 We have summarized the use of serial dilution and engineering evolutionary 
methods to improve the production of biorenewable fuels and chemicals. These 
evolutionary tools have proven quite effective and as reverse engineering tools become 
more accessible, additional design strategies can be distilled from these evolved strains. 
 
 
 
 
8
3
 
Table 1. Representative mutations within the E. coli genome. 
 
Location Type Possible Impacts Example Ref. 
coding 
“Silent” single 
nucleotide change 
where the amino 
acid sequence is 
not changed 
Transcription and translation 
rate, protein folding 
Silent mutations in ompA impacted transcription and 
translation.  
Silent mutations in recombinant EgFABP1 gene 
affected translation and protein folding. 
[150, 
151] 
coding 
Non-synonymous; 
single nucleotide 
change where 
amino acid 
sequence is altered 
Transcription and translation 
rate, enzyme activity 
Single point mutation in rho decreased the activity 
of Rho-dependent terminators.  
Three single point mutations in lpdA eliminated 
NADH sensitivity. 
[68, 
136] 
noncoding 
Single nucleotide 
changes 
Transcription and translation 
of nearby genes 
Four different single point mutations in the mgl 
operator (mglO) increased the glucose transport rate.  
[152] 
coding Insertion 
Silencing or increased 
expression of the affected 
gene and possible 
downstream genes 
An insertion mutation in hfq led to significant 
pleiotropic phenotypes, such as increased cell size 
and decreased growth rates.  
An IS10 insertion mutation in yqhC affected the 
transcription of downstream genes yqhD and dkgA. 
[145, 
153] 
noncoding 
Insertion or 
Deletion 
Perturbed expression of 
nearby genes 
Insertion mutations upstream of the bgl promoter 
activated the silent bgl operon. 
Deletion mutation in the mgl operator (mglO) 
increased the glucose transport rate. 
[152, 
154] 
coding Deletion 
In-frame deletions can alter 
enzyme activity. 
Out-of-frame deletions can 
result in translation 
termination and altered or 
absent enzyme activity. 
The single-amino acid deletion in metJ altered MetJ 
activity, resulting in increased expression of the 
methionine biosynthesis pathway. 
[68] 
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Table 2. The use of directed evolution to increase tolerance to inhibitory products or inhibitors in 
biomass-derived sugars. 
 
Strain 
Inhibitory 
compound 
Tolerance 
Duration of 
evolution 
% increase 
compared 
to parent 
strain 
Ref. 
E. coli SA481 Isobutanol 0.8% (w/v) 45 transfers 100 [102] 
E. coli G3.2 Isobutanol 2% (w/v) 
(glucose) 
500 
generations 
60 [103] 
E. coli X3.5 Isobutanol 1.75% (w/v) 
(xylose) 
430 
generations 
40 [103] 
S. cerevisiae JBA-
mut 
Isobutanol 1.9% (v/v) 30 transfers  [105] 
2-butanol 3% (v/v) 30 transfers 58 [105] 
1-butanol 1.9% (v/v) 30 transfers  [105] 
P. putida JUCT1 
Cyclohexane 60% (v/v) 12 transfers 1100 [106] 
Decalin 60% (v/v) 12 transfers  [106] 
Methyl 
cyclohexane 
60% (v/v) 12 transfers  [106] 
Toluene 60% (v/v) 12 transfers  [106] 
E. coli EMFR9 
Furfural 0.13% (w/v) 54 transfers 160 [122] 
5-HMF 0.25% (w/v) 54 transfers  [126] 
S. cerevisiae 
RK60-5 
Simulated spruce 
hydrolysate 
60% (w/v) 
429 
generations 
200 [127] 
S. cerevisiae KE1-
17 
Spruce 
hydrolysate 
50% (v/v) 97 
generations 
150 [127] 
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Table 3. The use of directed evolution to increase production of biorenewable fuels and 
chemicals. 
 
Strain Product Medium 
Production by 
Evolved Strain 
Ref. 
E. coli KO12 Ethanol Luria Broth + 100 g L-1 
glucose 
1.2 M [131] 
E. coli KO11 Ethanol Luria Broth + 80 g L-1 
xylose 
0.90 M [131] 
E. coli TCS009 
e50rep1/pLOI297 
Ethanol Defined minimal medium + 
40 g L-1 glycerol 
0.39 M [132] 
S. cerevisiae GS1.11-
26 
Ethanol YP + 35 g L-1 xylose 0.46 g g-1 [141] 
S. cerevisiae T1-E Ethanol 
Defined minimal medium + 
25 g L-1 lactose 
0.22 M [142] 
E. coli SZ63 D-lactic acid M9 + 50 g L-1 glucose 0.54 M [133] 
E. coli SZ132 D-lactic acid Luria Broth + 100 g L-1 
glucose 
1.0 M [134] 
E. coli SZ132 D-lactic acid NBS + 100 g L-1 glucose 0.70 M [134] 
E. coli SZ194 D-lactic acid NBS + 120 g L-1 glucose 1.2 M [135] 
E. coli SZ85 L-lactic acid M9 + 50 g L-1 glucose 0.51 M [139] 
E. coli HX024 Succinate NBS + 120 g L-1 glucose 0.81 M [136] 
E. coli KJ060 Succinate AM1 + 100 g L-1 glucose ~0.70 M [137] 
E. coli KJ071 Malate AM1 + 100 g L-1 glucose 0.52 M [137] 
E. coli XZ132  L-alanine AM1 + 120 g L-1 glucose 1.3 M [138] 
 
Table 4. Increased tolerance leading to increased production. 
 
Strain Medium Production 
% increase 
relative to 
parent strain 
Ref. 
E. coli LY01 Luria Broth + 140 g L-1 
glucose 
61±3 g L-1 ethanol 42.8 [75] 
E. coli LY01 Luria Broth + 140 g L-1 
xylose 
63±1 g L-1 ethanol 42.8 [75] 
E. coli SZ470 Luria Broth + 50 g L-1 
xylose 
23.5 g L-1 ethanol 100 [73] 
E. coli LAR1 +  
pJMY-EEI82564 
Luria Broth + 15 g L-1 
glucose 
540+50 mg L-1 
carboxylic acid 
400 [112] 
S. cerevisiae 
spt15-300  
Minimal medium + 100 g 
L-1 glucose 
0.40 g ethanol g-1 
glucose 
n/a [79] 
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Table 5. Examples of reverse engineering projects involving E. coli. 
 
Motivation Characterization Method Results Ref. 
Increasing 
isobutanol tolerance 
and production 
Whole-Genome Sequencing 
Silencing of acrA, gatY, tnaA, yhbJ and marCRAB 
enables increased isobutanol tolerance. 
[102] 
Increasing furfural 
tolerance 
Transcriptome Analysis, Targeted 
Sequencing 
YqhD is the primary NADPH-dependent furfural 
reductase; YqhC is a regulator of yqhD 
[122, 
145] 
Understand the 
impact of ethanol on 
gene expression 
machinery 
Genome Sequencing, 
Transcriptome Analysis, 
Ribosome Profiling 
RpsQ [H31P]: decreased the effect of ethanol on 
miscoding errors during translation; 
Rho [L270M]: decreased activity of Rho-dependent 
terminators; 
MetJ [∆E91]: increased expression of methionine 
biosynthesis gene 
[68] 
Increasing succinate 
production 
Genome Sequencing, 
Targeted Enzyme Assay, 
Real-Time Reverse Transcription-
PCR 
A point mutation in ptsI allows more PEP to be 
directed towards succinate; 
Increased usage of Pck pathway instead of Ppc 
pathway enables increased ATP production. 
[146] 
Increasing succinate 
production 
Genome Sequencing; 
Transcriptome Sequencing; 
Targeted Enzyme Assay; 
Mutations in lpdA eliminated the NADH sensitivity of 
the pyruvate dehydrogenase enzyme complex, which 
enabled increased succinate production. 
[136] 
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Figure 1. Evolutionary strain improvement can play an important role in the strain design 
cycle.  
Characterization of the evolved strain and its sequence and expression changes can yield 
novel design strategies for future improvement.  
 
References 
1. Bailey JE. 1991. Toward a Science of Metabolic Engineering. Science 252:1668-
75. 
2. Stephanopoulos G, Vallino JJ. 1991. Network rigidity and metabolic engineering 
in metabolite overproduction. Science 252:1675-81. 
3. McKenna R, Nielsen DR. 2011. Styrene biosynthesis from glucose by engineered 
E. coli. Metabolic Engineering 13:544-54. 
 
 
 
88
4. Ranganathan S, Tee TW, Chowdhury A, Zomorrodi AR, Yoon JM and others. 
2012. An integrated computational and experimental study for overproducing 
fatty acids in Escherichia coli. Metabolic Engineering 14:687-704. 
5. Bankar SB, Survase SA, Ojamo H, Granstrom T. 2013. Biobutanol: the outlook of 
an academic and industrialist. Rsc Advances 3:24734-57. 
6. Liang Y, Zhao X, Chi Z, Rover M, Johnston P and others. 2013. Utilization of 
acetic acid-rich pyrolytic bio-oil by microalga Chlamydomonas reinhardtii: 
Reducing bio-oil toxicity and enhancing algal toxicity tolerance. Bioresource 
Technology 133:500-6. 
7. Kim SR, Ha S-J, Wei N, Oh EJ, Jin Y-S. 2012. Simultaneous co-fermentation of 
mixed sugars: a promising strategy for producing cellulosic ethanol. Trends in 
Biotechnology 30:274-82. 
8. Kim SR, Park Y-C, Jin Y-S, Seo J-H. 2013. Strain engineering of Saccharomyces 
cerevisiae for enhanced xylose metabolism. Biotechnology Advances 31:851-61. 
9. Madhavan A, Srivastava A, Kondo A, Bisaria VS. 2012. Bioconversion of 
lignocellulose-derived sugars to ethanol by engineered Saccharomyces cerevisiae. 
Critical Reviews in Biotechnology 32:22-48. 
10. Layton DS, Ajjarapu A, Choi DW, Jarboe LR. 2011. Engineering ethanologenic 
Escherichia coli for levoglucosan utilization. Bioresource Technology 102:8318-
22. 
11. Bengelsdorf FR, Straub M, Duerre P. 2013. Bacterial synthesis gas (syngas) 
fermentation. Environmental Technology 34:1639-51. 
12. Daniell J, Koepke M, Simpson SD. 2012. Commercial Biomass Syngas 
Fermentation. Energies 5:5372-417. 
13. Jarboe LR, Wen Z, Choi D, Brown RC. 2011. Hybrid thermochemical processing: 
fermentation of pyrolysis-derived bio-oil. Applied Microbiology and 
Biotechnology 91:1519-23. 
14. Jonsson LJ, Alriksson B, Nilvebrant N-O. 2013. Bioconversion of lignocellulose: 
inhibitors and detoxification. Biotechnology for Biofuels 6. 
 
 
 
89
15. Lo T-M, Teo WS, Ling H, Chen B, Kang A and others. 2013. Microbial 
engineering strategies to improve cell viability for biochemical production. 
Biotechnology Advances 31:903-14. 
16. Mills TY, Sandoval NR, Gill RT. 2009. Cellulosic hydrolysate toxicity and 
tolerance mechanisms in Escherichia coli. Biotechnology for Biofuels 2. 
17. Nicolaou SA, Gaida SM, Papoutsakis ET. 2010. A comparative view of 
metabolite and substrate stress and tolerance in microbial bioprocessing: From 
biofuels and chemicals, to biocatalysis and bioremediation. Metabolic 
Engineering 12:307-31. 
18. Jarboe LR, Royce LA, Liu P. 2013. Understanding biocatalyst inhibition by 
carboxylic acids. Frontiers in Microbiology 4. 
19. Dunlop MJ. 2011. Engineering microbes for tolerance to next-generation biofuels. 
Biotechnology for Biofuels 4. 
20. Chen Y, Ren H, Liu D, Zhao T, Shi X and others. 2014. Enhancement of n-
butanol production by in situ butanol removal using permeating-heating-gas 
stripping in acetone-butanol-ethanol fermentation. Bioresource Technology 
164:276-84. 
21. Hemavathy RV, Sankaran K, Vadanasundari V, Rangabhashiyam S. 2014. in situ 
separation of ethanol with aqueous two-phase system and assessment of K(L)a for 
yeast growth in batch cultivation. Preparative Biochemistry & Biotechnology 
44:633-44. 
22. Huang H-J, Ramaswamy S, Liu Y. 2014. Separation and purification of 
biobutanol during bioconversion of biomass. Separation and Purification 
Technology 132:513-40. 
23. Teh AL, Layton DS, Hyduke DR, Jarboe LR, Rollins DK. 2014. Data Mining 
Based on Principal Component Analysis: Application to the Nitric Oxide 
Response in Escherichia coli. Journal of Statistical Science and Application 2:1-
18. 
24. Lopez-Garzon CS, Straathof AJJ. 2014. Recovery of carboxylic acids produced 
by fermentation. Biotechnology Advances 32:873-904. 
 
 
 
90
25. Xu K, Xu P. 2014. Efficient calcium lactate production by fermentation coupled 
with crystallization-based in situ product removal. Bioresource Technology 
163:33-9. 
26. Chan JKS, Duff SJB. 2010. Methods for mitigation of bio-oil extract toxicity. 
Bioresource Technology 101:3755-9. 
27. Chi Z, Rover M, Jun E, Deaton M, Johnston P and others. 2013. Overliming 
detoxification of pyrolytic sugar syrup for direct fermentation of levoglucosan to 
ethanol. Bioresource technology 150:220-7. 
28. Datta S, Lin YJ, Schell DJ, Millard CS, Ahmad SF and others. 2013. Removal of 
Acidic Impurities from Corn Stover Hydrolysate Liquor by Resin Wafer Based 
Electrodeionization. Industrial & Engineering Chemistry Research 52:13777-84. 
29. Fakhrudin J, Setyaningsih D, Rahayuningsih M. 2014. Bioethanol production 
from seaweed Eucheuma cottonii by neutralization and detoxification of acidic 
catalyzed hydrolysate. International Journal of Environmental Science and 
Development 5:455-8. 
30. Grzenia DL, Wickramasinghe SR, Schell DJ. 2012. Fermentation of Reactive-
Membrane-Extracted and Ammonium-Hydroxide-Conditioned Dilute-Acid-
Pretreated Corn Stover. Applied Biochemistry and Biotechnology 166:470-8. 
31. Guo X, Cavka A, Jonsson LJ, Hong F. 2013. Comparison of methods for 
detoxification of spruce hydrolysate for bacterial cellulose production. Microbial 
Cell Factories 12. 
32. Hodge DB, Andersson C, Berglund KA, Rova U. 2009. Detoxification 
requirements for bioconversion of softwood dilute acid hydrolyzates to succinic 
acid. Enzyme and Microbial Technology 44:309-16. 
33. Mateo S, Roberto IC, Sanchez S, Moya AJ. 2013. Detoxification of 
hemicellulosic hydrolyzate from olive tree pruning residue. Industrial Crops and 
Products 49:196-203. 
34. Rover MR, Johnston PA, Jin T, Smith RG, Brown RC and others. 2014. 
Production of Clean Pyrolytic Sugars for Fermentation. Chemsuschem 7:1662-8. 
 
 
 
91
35. Stoutenburg RM, Perrotta JA, Nakas JP. 2011. Overcoming inhibitors in a 
hemicellulosic hydrolysate: improving fermentability by feedstock detoxification 
and adaptation of Pichia stipitis. Journal of Industrial Microbiology & 
Biotechnology 38:1939-45. 
36. Dunlop MJ, Dossani ZY, Szmidt HL, Chu HC, Lee TS and others. 2011. 
Engineering microbial biofuel tolerance and export using efflux pumps. 
Molecular Systems Biology 7. 
37. Frederix M, Huetter K, Leu J, Batth TS, Turner WJ and others. 2014. 
Development of a Native Escherichia coli Induction System for Ionic Liquid 
Tolerance. Plos One 9. 
38. Lennen RM, Pfleger BF. 2013. Modulating Membrane Composition Alters Free 
Fatty Acid Tolerance in Escherichia coli. Plos One 8. 
39. Luo LH, Seo P-S, Seo J-W, Heo S-Y, Kim D-H and others. 2009. Improved 
ethanol tolerance in Escherichia coli by changing the cellular fatty acids 
composition through genetic manipulation. Biotechnology Letters 31:1867-71. 
40. Anfelt J, Hallstrom B, Nielsen J, Uhlen M, Hudson EP. 2013. Using 
Transcriptomics To Improve Butanol Tolerance of Synechocystis sp Strain PCC 
6803. Applied and Environmental Microbiology 79:7419-27. 
41. He M-x, Wu B, Shui Z-x, Hu Q-c, Wang W-g and others. 2012. Transcriptome 
profiling of Zymomonas mobilis under furfural stress. Applied Microbiology and 
Biotechnology 95:189-99. 
42. Brynildsen MP, Liao JC. 2009. An integrated network approach identifies the 
isobutanol response network of Escherichia coli. Molecular Systems Biology 5. 
43. Miller EN, Jarboe LR, Turner PC, Pharkya P, Yomano LP and others. 2009. 
Furfural Inhibits Growth by Limiting Sulfur Assimilation in Ethanologenic 
Escherichia coli Strain LY180. Applied and Environmental Microbiology 
75:6132-41. 
44. Abatemarco J, Hill A, Alper HS. 2013. Expanding the metabolic engineering 
toolbox with directed evolution. Biotechnology Journal 8:1397-410. 
 
 
 
92
45. Cakar ZP, Turanli-Yildiz B, Alkim C, Yilmaz U. 2012. Evolutionary engineering 
of Saccharomyces cerevisiae for improved industrially important properties. Fems 
Yeast Research 12:171-82. 
46. Conrad TM, Lewis NE, Palsson BO. 2011. Microbial laboratory evolution in the 
era of genome-scale science. Molecular Systems Biology 7. 
47. Dragosits M, Mattanovich D. 2013. Adaptive laboratory evolution - principles 
and applications for biotechnology. Microbial Cell Factories 12. 
48. Furusawa C, Horinouchi T, Hirasawa T, Shimizu H. 2013. Systems Metabolic 
Engineering: The Creation of Microbial Cell Factories by Rational Metabolic 
Design and Evolution. Future Trends in Biotechnology 131:1-23. 
49. Kumar A, Singh S. 2013. Directed evolution: tailoring biocatalysts for industrial 
applications. Critical Reviews in Biotechnology 33:365-78. 
50. Pal C, Papp B, Posfai G. 2014. The dawn of evolutionary genome engineering. 
Nature Reviews Genetics 15:504-12. 
51. Portnoy VA, Bezdan D, Zengler K. 2011. Adaptive laboratory evolution - 
harnessing the power of biology for metabolic engineering. Current Opinion in 
Biotechnology 22:590-4. 
52. Soyer OS, O'Malley MA. 2013. Evolutionary systems biology: What it is and why 
it matters. Bioessays 35:696-705. 
53. Tee KL, Wong TS. 2013. Polishing the craft of genetic diversity creation in 
directed evolution. Biotechnology Advances 31:1707-21. 
54. Allewell NM. 2012. Thematic Minireview Series on Enzyme Evolution in the 
Post-genomic Era. Journal of Biological Chemistry 287:1-2. 
55. Goldsmith M, Tawfik DS. 2012. Directed enzyme evolution: beyond the low-
hanging fruit. Current Opinion in Structural Biology 22:406-12. 
 
 
 
93
56. Jarboe LR, Liu P, Kautharapu KB, Ingram LO. 2012. Optimization of enzyme 
parameters for fermentative production of biorenewable fuels and chemicals. 
Computational and structural biotechnology journal 3:e201210005-e. 
57. Austad SN. 2001. An experimental paradigm for the study of slowly aging 
organisms. Experimental Gerontology 36:599-605. 
58. Dennett DC. 1996. Darwin's Dangerous Idea: Evolution and Meanings of Life 
Touchstone. New York. 
59. Wright BE. 2004. Stress-directed adaptive mutations and evolution. Molecular 
Microbiology 52:643-50. 
60. Galhardo RS, Hastings PJ, Rosenberg SM. 2007. Mutation as a stress response 
and the regulation of evolvability. Critical Reviews in Biochemistry and 
Molecular Biology 42:399-435. 
61. Foster PL. 2007. Stress-induced mutagenesis in bacteria. Critical Reviews in 
Biochemistry and Molecular Biology 42:373-97. 
62. Steinborn G. 1978. Uvm mutants of Escherichia coli K 12 deficient in UV 
mutagenesis. Molecular and General Genetics MGG 165:87-93. 
63. Ohta T, Nakamura N, Moriya M, Shirasu Y, Kada T. 1984. The sos-function-
inducing activity of chemical mutagens in Escherichia-coli. Mutation Research 
131:101-9. 
64. Radman M. 2001. Fidelity and infidelity. Nature 413:115-. 
65. Loeb LA, Cheng KC. 1990. Errors in dna-synthesis - a source of spontaneous 
mutations. Mutation Research 238:297-304. 
66. Zhang Z, Saier MH, Jr. 2011. Transposon-Mediated Adaptive and Directed 
Mutations and Their Potential Evolutionary Benefits. Journal of Molecular 
Microbiology and Biotechnology 21:59-70. 
67. Turner PC, Yomano LP, Jarboe LR, York SW, Baggett CL and others. 2012. 
Optical mapping and sequencing of the Escherichia coli KO11 genome reveal 
 
 
 
94
extensive chromosomal rearrangements, and multiple tandem copies of the 
Zymomonas mobilis pdc and adhB genes. Journal of Industrial Microbiology & 
Biotechnology 39:629-39. 
68. Haft RJF, Keating DH, Schwaegler T, Schwalbach MS, Vinokur J and others. 
2014. Correcting direct effects of ethanol on translation and transcription 
machinery confers ethanol tolerance in bacteria. Proceedings of the National 
Academy of Sciences of the United States of America 111:E2576-E85. 
69. Drake JW, Charlesworth B, Charlesworth D, Crow JF. 1998. Rates of 
spontaneous mutation. Genetics 148:1667-86. 
70. Foster PL, Gudmundsson G, Trimarchi JM, Cai H, Goodman MF. 1995. 
Proofreading-defective dna-polymerase-ii increases adaptive mutation in 
Escherichia-coli. Proceedings of the National Academy of Sciences of the United 
States of America 92:7951-5. 
71. Weber H, Polen T, Heuveling J, Wendisch VF, Hengge R. 2005. Genome-wide 
analysis of the general stress response network in Escherichia coli: sigma(S)-
dependent genes, promoters, and sigma factor selectivity. Journal of Bacteriology 
187:1591-603. 
72. Kishimoto T, Iijima L, Tatsumi M, Ono N, Oyake A and others. 2010. Transition 
from Positive to Neutral in Mutation Fixation along with Continuing Rising 
Fitness in Thermal Adaptive Evolution. Plos Genetics 6. 
73. Wang Y, Manow R, Finan C, Wang J, Garza E and others. 2011. Adaptive 
evolution of nontransgenic Escherichia coli KC01 for improved ethanol tolerance 
and homoethanol fermentation from xylose. Journal of Industrial Microbiology & 
Biotechnology 38:1371-7. 
74. Lenski RE, Travisano M. 1994. Dynamics of adaptation and diversification - a 
10,000-generation experiment with bacterial-populations. Proceedings of the 
National Academy of Sciences of the United States of America 91:6808-14. 
75. Yomano LP, York SW, Ingram LO. 1998. Isolation and characterization of 
ethanol-tolerant mutants of Escherichia coli KO11 for fuel ethanol production. 
Journal of Industrial Microbiology & Biotechnology 20:132-8. 
 
 
 
95
76. Reyes LH, Winkler J, Kao KC. 2012. Visualizing evolution in real-time method 
for strain engineering. Frontiers in Microbiology 3. 
77. Huang M, McClellan M, Berman J, Kao KC. 2011. Evolutionary Dynamics of 
Candida albicans during In Vitro Evolution. Eukaryotic Cell 10:1413-21. 
78. Alper H, Stephanopoulos G. 2007. Global transcription machinery engineering: A 
new approach for improving cellular phenotype. Metabolic Engineering 9:258-67. 
79. Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G. 2006. Engineering 
yeast transcription machinery for improved ethanol tolerance and production. 
Science 314:1565-8. 
80. Liu HM, Yan M, Lai CG, Xu L, Ouyang PK. 2010. gTME for Improved Xylose 
Fermentation of Saccharomyces cerevisiae. Applied Biochemistry and 
Biotechnology 160:574-82. 
81. Zhang H, Chong H, Ching CB, Song H, Jiang R. 2012. Engineering global 
transcription factor cyclic AMP receptor protein of Escherichia coli for improved 
1-butanol tolerance. Applied Microbiology and Biotechnology 94:1107-17. 
82. Lynch MD, Warnecke T, Gill RT. 2007. SCALEs: multiscale analysis of library 
enrichment. Nature Methods 4:87-93. 
83. Sandoval NR, Mills TY, Zhang M, Gill RT. 2011. Elucidating acetate tolerance in 
E. coli using a genome-wide approach. Metabolic Engineering 13:214-24. 
84. Singh A, Lynch MD, Gill RT. 2009. Genes restoring redox balance in 
fermentation-deficient E. coli NZN111. Metabolic Engineering 11:347-54. 
85. Yuan Y, Du J, Zhao H. 2013. Customized optimization of metabolic pathways by 
combinatorial transcriptional engineering. Methods in molecular biology (Clifton, 
N.J.) 985:177-209. 
86. Sandoval NR, Kim JYH, Glebes TY, Reeder PJ, Aucoin HR and others. 2012. 
Strategy for directing combinatorial genome engineering in Escherichia coli. 
Proceedings of the National Academy of Sciences of the United States of America 
109:10540-5. 
 
 
 
96
87. Garcia V, Pakkila J, Ojamo H, Muurinen E, Keiski RL. 2011. Challenges in 
biobutanol production: How to improve the efficiency? Renewable & Sustainable 
Energy Reviews 15:964-80. 
88. Ezeji T, Milne C, Price ND, Blaschek HP. 2010. Achievements and perspectives 
to overcome the poor solvent resistance in acetone and butanol-producing 
microorganisms. Applied Microbiology and Biotechnology 85:1697-712. 
89. Warnecke T, Gill RT. 2005. Organic acid toxicity, tolerance, and production in 
Escherichia coli biorefining applications. Microbial Cell Factories 4. 
90. Ingram LO, Buttke TM. 1984. Effects of alcohols on microorganisms. Advances 
in Microbial Physiology 25:253-300. 
91. Ramos JL, Duque E, Gallegos MT, Godoy P, Ramos-Gonzalez MI and others. 
2002. Mechanisms of solvent tolerance in gram-negative bacteria. Annual Review 
of Microbiology 56:743-68. 
92. Klinke HB, Thomsen AB, Ahring BK. 2004. Inhibition of ethanol-producing 
yeast and bacteria by degradation products produced during pre-treatment of 
biomass. Applied Microbiology and Biotechnology 66:10-26. 
93. McKenna R, Moya L, McDaniel M, Nielsen DR. 2014. Comparing in situ 
removal strategies for improving styrene bioproduction. Bioprocess and 
biosystems engineering:1-10. 
94. Roffler SR, Blanch HW, Wilke CR. 1988. Insitu extractive fermentation of 
acetone and butanol. Biotechnology and Bioengineering 31:135-43. 
95. Inokuma K, Liao JC, Okamoto M, Hanai T. 2010. Improvement of isopropanol 
production by metabolically engineered Escherichia coli using gas stripping. 
Journal of Bioscience and Bioengineering 110:696-701. 
96. Jarboe LR, Liu P, Royce LA. 2011. Engineering inhibitor tolerance for the 
production of biorenewable fuels and chemicals. Current Opinion in Chemical 
Engineering 1:38-42. 
97. Isken S, de Bont JAM. 1998. Bacteria tolerant to organic solvents. Extremophiles 
2:229-38. 
 
 
 
97
98. Sardessai Y, Bhosle S. 2002. Tolerance of bacteria to organic solvents. Research 
in Microbiology 153:263-8. 
99. Shah AA, Wang C, Chung Y-R, Kim J-Y, Choi E-S and others. 2013. 
Enhancement of geraniol resistance of Escherichia coli by MarA overexpression. 
Journal of Bioscience and Bioengineering 115:253-8. 
100. Zingaro KA, Papoutsakis ET. 2013. GroESL overexpression imparts Escherichia 
coli tolerance to i-, n-, and 2-butanol, 1,2,4-butanetriol and ethanol with complex 
and unpredictable patterns. Metabolic Engineering 15:196-205. 
101. Cobb RE, Si T, Zhao H. 2012. Directed evolution: an evolving and enabling 
synthetic biology tool. Current opinion in chemical biology 16:285-91. 
102. Atsumi S, Wu T-Y, Machado IMP, Huang W-C, Chen P-Y and others. 2010. 
Evolution, genomic analysis, and reconstruction of isobutanol tolerance in 
Escherichia coli. Molecular Systems Biology 6. 
103. Ward RJ, McConnell CA, Minty JJ, Rouillard J-M, Lin F and others. 2012. 
Evolution combined with genomic study elucidates genetic bases of isobutanol 
tolerance in Escherichia coli. ArrayExpress Archive. 
104. Smith KM, Liao JC. 2011. An evolutionary strategy for isobutanol production 
strain development in Escherichia coli. Metabolic Engineering 13:674-81. 
105. Ghiaci P, Norbeck J, Larsson C. 2013. Physiological adaptations of 
Saccharomyces cerevisiae evolved for improved butanol tolerance. Biotechnology 
for Biofuels 6. 
106. Ni Y, Song L, Qian X, Sun Z. 2013. Proteomic Analysis of Pseudomonas putida 
Reveals an Organic Solvent Tolerance-Related Gene mmsB. Plos One 8. 
107. Kabara JJ, Marshall DL. 2010. Medium-chain fatty acids and esters. 
Antimicrobials in food:327-60. 
108. Russell AD. 1991. Mechanisms of bacterial-resistance to non-antibiotics - food-
additives and food and pharmaceutical preservatives. Journal of Applied 
Bacteriology 71:191-201. 
 
 
 
98
109. Lennen RM, Kruziki MA, Kumar K, Zinkel RA, Burnum KE and others. 2011. 
Membrane Stresses Induced by Overproduction of Free Fatty Acids in 
Escherichia coli. Applied and Environmental Microbiology 77:8114-28. 
110. Royce LA, Liu P, Stebbins MJ, Hanson BC, Jarboe LR. 2013. The damaging 
effects of short chain fatty acids on Escherichia coli membranes. Applied 
Microbiology and Biotechnology 97:8317-27. 
111. Sherkhanov S, Korman TP, Bowie JU. 2014. Improving the tolerance of< i> 
Escherichia coli</i> to medium-chain fatty acid production. Metabolic 
engineering 25:1-7. 
112. Royce LA, Yoon JM, Chen Y, Rickenbach E, Shanks JV and others. 2015. 
Evolution for exogenous octanoic acid tolerance improves carboxylic acid 
production and membrane integrity. submitted. 
113. Stephanopoulos G. 2007. Challenges in engineering microbes for biofuels 
production. Science 315:801-4. 
114. Jorgensen H, Kristensen JB, Felby C. 2007. Enzymatic conversion of 
lignocellulose into fermentable sugars: challenges and opportunities. Biofuels 
Bioproducts & Biorefining-Biofpr 1:119-34. 
115. Almeida JRM, Modig T, Petersson A, Hahn-Hagerdal B, Liden G and others. 
2007. Increased tolerance and conversion of inhibitors in lignocellulosic 
hydrolysates by Saccharomyces cerevisiae. Journal of Chemical Technology and 
Biotechnology 82:340-9. 
116. Sanchez B, Bautista J. 1988. Effects of furfural and 5-hydroxymethylfurfural on 
the fermentation of saccharomyces-cerevisiae and biomass production from 
candida-guilliermondII. Enzyme and Microbial Technology 10:315-8. 
117. Zaldivar J, Ingram LO. 1999. Effect of organic acids on the growth and 
fermentation of ethanologenic Escherichia coli LY01. Biotechnology and 
Bioengineering 66:203-10. 
118. Zaldivar J, Martinez A, Ingram LO. 1999. Effect of selected aldehydes on the 
growth and fermentation of ethanologenic Escherichia coli. Biotechnology and 
Bioengineering 65:24-33. 
 
 
 
99
119. Glebes TY, Sandoval NR, Reeder PJ, Schilling KD, Zhang M and others. 2014. 
Genome-Wide Mapping of Furfural Tolerance Genes in Escherichia coli. PloS 
one 9:e87540. 
120. Glebes TY, Sandoval NR, Gillis JH, Gill RT. 2014. Comparison of genome‐wide 
selection strategies to identify furfural tolerance genes in Escherichia coli. 
Biotechnology and bioengineering. 
121. Luhe AL, Lim CY, Gerken H, Wu J, Zhao H. 2014. Furfural and HMF tolerance 
in Escherichia coli ΔacrR regulatory mutants. Biotechnology and applied 
biochemistry. 
122. Miller EN, Jarboe LR, Yomano LP, York SW, Shanmugam KT and others. 2009. 
Silencing of NADPH-Dependent Oxidoreductase Genes (yqhD and dkgA) in 
Furfural-Resistant Ethanologenic Escherichia coli. Applied and Environmental 
Microbiology 75:4315-23. 
123. Miller EN, Jarboe LR, Turner PC, Pharkya P, Yomano LP and others. 2009. 
Furfural Inhibits Growth by Limiting Sulfur Assimilation in Ethanologenic 
Escherichia coli Strain LY180. Applied and Environmental Microbiology 75. 
124. Wang X, Miller EN, Yomano LP, Zhang X, Shanmugam KT and others. 2011. 
Increased Furfural Tolerance Due to Overexpression of NADH-Dependent 
Oxidoreductase FucO in Escherichia coli Strains Engineered for the Production of 
Ethanol and Lactate. Applied and Environmental Microbiology 77:5132-40. 
125. Geddes RD, Wang X, Yomano LP, Miller EN, Zheng H and others. 2014. 
Polyamine Transporters and Polyamines Increase Furfural Tolerance During 
Xylose Fermentation with Ethanologenic Escherichia coli strain LY180. Applied 
and environmental microbiology:AEM. 01913-14. 
126. Miller EN, Turner PC, Jarboe LR, Ingram LO. 2010. Genetic changes that 
increase 5-hydroxymethyl furfural resistance in ethanol-producing Escherichia 
coli LY180. Biotechnology Letters 32:661-7. 
127. Koppram R, Albers E, Olsson L. 2012. Evolutionary engineering strategies to 
enhance tolerance of xylose utilizing recombinant yeast to inhibitors derived from 
spruce biomass. Biotechnology for Biofuels 5. 
 
 
 
100
128. Chong H, Geng H, Zhang H, Song H, Huang L and others. 2014. Enhancing E. 
coli Isobutanol Tolerance Through Engineering Its Global Transcription Factor 
cAMP Receptor Protein (CRP). Biotechnology and Bioengineering 111:700-8. 
129. Reyes LH, Almario MP, Winkler J, Orozco MM, Kao KC. 2012. Visualizing 
evolution in real time to determine the molecular mechanisms of n-butanol 
tolerance in Escherichia coli. Metabolic Engineering 14:579-90. 
130. Almario MP, Reyes LH, Kao KC. 2013. Evolutionary Engineering of 
Saccharomyces cerevisiae for Enhanced Tolerance to Hydrolysates of 
Lignocellulosic Biomass. Biotechnology and Bioengineering 110:2616-23. 
131. Ohta K, Beall DS, Mejia JP, Shanmugam KT, Ingram LO. 1991. Genetic-
improvement of escherichia-coli for ethanol-production - chromosomal 
integration of zymomonas-mobilis genes encoding pyruvate decarboxylase and 
alcohol dehydrogenase-II. Applied and Environmental Microbiology 57. 
132. Trinh CT, Srienc F. 2009. Metabolic Engineering of Escherichia coli for Efficient 
Conversion of Glycerol to Ethanol. Applied and Environmental Microbiology 
75:6696-705. 
133. Zhou SD, Causey TB, Hasona A, Shanmugam KT, Ingram LO. 2003. Production 
of optically pure D-lactic acid in mineral salts medium by metabolically 
engineered Escherichia coli W3110. Applied and Environmental Microbiology 
69:399-407. 
134. Zhou S, Yomano LP, Shanmugam KT, Ingram LO. 2005. Fermentation of 10% 
(w/v) sugar to D(-)-lactate by engineered Escherichia coli B. Biotechnology 
Letters 27:1891-6. 
135. Zhou S, Shanmugam KT, Yomano LP, Grabar TB, Ingram LO. 2006. 
Fermentation of 12% (w/v) glucose to 1.2 M lactate by Escherichia coli strain 
SZ194 using mineral salts medium. Biotechnology Letters 28:663-70. 
136. Zhu X, Tan Z, Xu H, Chen J, Tang J and others. 2014. Metabolic evolution of two 
reducing equivalent-conserving pathways for high-yield succinate production in 
Escherichia coli. Metabolic Engineering 24:87-96. 
137. Jantama K, Haupt MJ, Svoronos SA, Zhang X, Moore JC and others. 2008. 
Combining metabolic engineering and metabolic evolution to develop 
 
 
 
101
nonrecombinant strains of Escherichia coli C that produce succinate and malate. 
Biotechnology and Bioengineering 99:1140-53. 
138. Zhang X, Jantama K, Moore JC, Shanmugam KT, Ingram LO. 2007. Production 
of L-alanine by metabolically engineered Escherichia coli. Applied Microbiology 
and Biotechnology 77:355-66. 
139. Zhou SD, Shanmugam KT, Ingram LO. 2003. Functional replacement of the 
Escherichia coli D-(-)-lactate dehydrogenase gene (ldhA) with the L-(+)-lactate 
dehydrogenase gene (ldhL) from Pediococcus acidilactici. Applied and 
Environmental Microbiology 69:2237-44. 
140. Fong SS, Burgard AP, Herring CD, Knight EM, Blattner FR and others. 2005. In 
silico design and adaptive evolution of Escherichia coli for production of lactic 
acid. Biotechnology and Bioengineering 91:643-8. 
141. Demeke MM, Dietz H, Li Y, Foulquie-Moreno MR, Mutturi S and others. 2013. 
Development of a D-xylose fermenting and inhibitor tolerant industrial 
Saccharomyces cerevisiae strain with high performance in lignocellulose 
hydrolysates using metabolic and evolutionary engineering. Biotechnology for 
Biofuels 6. 
142. Guimaraes PMR, Francois J, Parrou JL, Teixeira JA, Domingues L. 2008. 
Adaptive evolution of a lactose-consuming Saccharomyces cerevisiae 
recombinant. Applied and Environmental Microbiology 74:1748-56. 
143. Royce L, Boggess E, Jin T, Dickerson J, Jarboe L. 2013. Identification of 
mutations in evolved bacterial genomes. Methods in molecular biology (Clifton, 
N.J.) 985:249-67. 
144. Jarboe LR. 2011. YqhD: a broad-substrate range aldehyde reductase with various 
applications in production of biorenewable fuels and chemicals. Applied 
Microbiology and Biotechnology 89:249-57. 
145. Turner PC, Miller EN, Jarboe LR, Baggett CL, Shanmugam KT and others. 2011. 
YqhC regulates transcription of the adjacent Escherichia coli genes yqhD and 
dkgA that are involved in furfural tolerance. Journal of Industrial Microbiology & 
Biotechnology 38:431-9. 
 
 
 
102
146. Zhang X, Jantama K, Moore JC, Jarboe LR, Shanmugam KT and others. 2009. 
Metabolic evolution of energy-conserving pathways for succinate production in 
Escherichia coli. Proceedings of the National Academy of Sciences of the United 
States of America 106:20180-5. 
147. Conrad TM, Joyce AR, Applebee MK, Barrett CL, Xie B and others. 2009. 
Whole-genome resequencing of Escherichia coli K-12 MG1655 undergoing short-
term laboratory evolution in lactate minimal media reveals flexible selection of 
adaptive mutations. Genome Biology 10. 
148. Unrean P, Srienc F. 2011. Metabolic networks evolve towards states of maximum 
entropy production. Metabolic Engineering 13:666-73. 
149. Unrean P, Srienc F. 2012. Predicting the adaptive evolution of 
Thermoanaerobacterium saccharolyticum. Journal of Biotechnology 158:259-66. 
150. Cortazzo P, Cervenansky C, Marin M, Reiss C, Ehrlich R and others. 2002. Silent 
mutations affect in vivo protein folding in Escherichia coli. Biochemical and 
Biophysical Research Communications 293:537-41. 
151. Deana A, Ehrlich R, Reiss C. 1998. Silent mutations in the Escherichia coli ompA 
leader peptide region strongly affect transcription and translation in vivo. Nucleic 
Acids Research 26:4778-82. 
152. Notley-McRobb L, Ferenci T. 1999. Adaptive mgl-regulatory mutations and 
genetic diversity evolving in glucose-limited Escherichia coli populations. 
Environmental Microbiology 1:33-43. 
153. Tsui HCT, Leung HCE, Winkler ME. 1994. Characterization of broadly 
pleiotropic phenotypes caused by an hfq insertion mutation in Escherichia-coli-k-
12. Molecular Microbiology 13:35-49. 
154. Giel M, Desnoyer M, Lopilato J. 1996. A mutation in a new gene, bglJ, activates 
the bgl operon in Escherichia coli K-12. Genetics 143:627-35. 
 
 
 
 
 
 
 
 
103
CHAPTER 4 
PRODUCTION OF CLEAN PYROLYTIC SUGARS FOR FERMENTATION 
Published in CHEMSUSCHEM, DOI: 10.1002/cssc.201301259 
Marjorie R. Rover,* Patrick A. Johnston, Tao Jin, Ryan G. Smith, Robert C. Brown, and 
Laura Jarboe 
(Contributed to the fermentation part in the section of “media detoxification”.) 
 
Abstract 
This study explores the separate recovery of sugars and phenolic oligomers 
produced during fast pyrolysis with the effective removal of contaminants from the 
separated pyrolytic sugars to produce a substrate suitable for fermentation without 
hydrolysis. The first two stages from a unique recovery system capture “heavy ends”, 
mostly water-soluble sugars and water-insoluble phenolic oligomers. The differences in 
water solubility can be exploited to recover a sugar-rich aqueous phase and a phenolic-
rich raffinate. Over 93 wt% of the sugars is removed in two water washes. These sugars 
contain contaminants such as low-molecular-weight acids, furans, and phenols that could 
inhibit successful fermentation. Detoxification methods were used to remove these 
contaminants from pyrolytic sugars. The optimal candidate is NaOH overliming, which 
results in maximum growth measurements with the use of ethanol- producing 
Escherichia coli. 
Introduction 
The most common approach to recover sugars from lignocellulosic biomass is by 
extraction and cellulose conversion to glucose by acid or enzymatic hydrolysis.[1] In 
spite of hopeful predictions that relate to the economic feasibility of cellulosic ethanol 
produced from lignocellulose, its production has not been implemented on a commercial 
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scale. The technical barriers and fundamental limitations in sugar depolymerization 
processes have proven to be complex and difficult to overcome.[2] A little-explored 
alternative method for the removal of sugars from lignocellulosic biomass is fast 
pyrolysis.[1] Levoglucosan (the major sugar), cellobiosan, and other sugars are present in 
biomass pyrolysis oil (bio-oil) produced from the thermal depolymerization and 
decomposition in the absence of oxygen.[1,3] 
If it is produced conventionally, bio-oil contains relatively little sugar. The sugar 
yield can be increased dramatically by passivating the alkali and alkaline metals in 
biomass that are responsible for sugar degradation during pyrolysis.[4] However, even if 
enhanced sugar yields are achieved, conventional methods to recover bio-oil result in the 
dilution of the sugars in an aqueous phase along with many other pyrolysis products. This 
gives rise to highly dilute sugar streams that contain large quantities of contaminants. A 
fractionating bio-oil recovery system developed recently overcomes this problem by 
condensing gaseous products according to vapor pressure.[5] Heavy ends bio-oil 
comprises high-molecular-weight species that are captured in the first two stages of the 
reactor. The heavy ends recovered in this manner are a mixture of water-soluble sugars 
(WSS) and water-insoluble phenolic oligomers, which can be separated by a simple 
washing procedure presented in this paper to produce high concentrations of sugar with 
relatively small amounts of contaminants that require treatment. The fast pyrolysis of 
biomass provides a tremendous resource of sugars for fermentation. Passivation of the 
biomass prior to fast pyrolysis increases the available sugars significantly, which makes it 
more favorable economically. 
Pyrolytic sugars obtained by using the bio-oil recovery system contain small 
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percentages of aromatics, aldehydes, furan, and furan derivatives. These types of 
compounds are toxic to micro-organisms. [6] This makes it necessary to pretreat the 
water-soluble fraction (WSF) of bio-oil from stage fraction (SF) 1 and SF2, which 
contain the WSS, in an economical way so that micro-organisms can use the sugars for 
the production of biorenewable fuels and chemicals. [6c] It is difficult for most micro-
organisms to utilize levoglucosan[6c] and most bio-oil-associated sugars because they are 
present in the anhydrous form,[7] but this can be addressed by the recombinant 
expression of a fungal levoglucosan kinase.[8] 
The five-stage bio-oil recovery system [5] (Figure 1) collected over 85 wt % of 
the total produced sugars from unpassivated biomass in SF1 and SF2. A washing 
procedure was used to separate these sugars from the phenolic oligomers. Overliming, 
liquid–liquid extraction, ionic liquid, and ionic resin were used to “clean” the pyrolytic 
sugars prior to microbial fermentation and these methods were compared for 
effectiveness. The sugars collected in SF1 and SF2 were levoglucosan, cellobiosan, 
xylose, and galactose. 
The goal of this research is to firstly investigate a method to recover two value-
added products from the fast pyrolysis of lignocellulosic biomass: a concentrated sugar-
rich solution suitable for fermentation and a phenolic oligomer raffinate. Secondly, to 
utilize common methodologies to remove constituents that are toxic to micro-organisms 
from SF1 and SF2 WSFs of bio-oil and evaluate the results with comparisons for the 
effectiveness of each method. Ultimately, this will provide numerous opportunities for 
value-added products and essential information on pyrolytic sugar fermentation. 
  
 
 
 
106
Results and discussion 
Sugar recovery 
The minimum water/heavy ends ratio was determined for SF1 and SF2 bio-oil 
obtained from the fast pyrolysis unit with bio- oil recovery in stages (Figure 1). The 
moisture content of the phenolic oligomer-rich raffinate was determined for SF1 and SF2 
for each of the water/heavy ends ratios. The moisture in the original heavy ends bio-oil 
was (3.35 ±0.99)% for SF1 and (3.34 ±1.2)% for SF2. The added water that remains with 
SF1 and SF2 after the washing procedure varied in the phenolic oligomer-rich raffinate 
between different water/heavy ends ratios (Table 1). The percentage of moisture was at a 
maximum for the 0.5:1 water/heavy ends ratio at (27.0±1.74) % for SF1 and (22.6±0.70) 
% for SF2. The optimum water/heavy ends ratio was 1:1 if we consider the amount of 
water left behind in the phenolic oligomer-rich raffinate, (18.3±0.17) % for SF1 and 
(17.9±0.49) % for SF2, which is the minimum amount of water that remains with the 
phenolic oligomer-rich raffinate after the washing procedure. This is thought to occur 
because the 1:1 ratio is efficient for sugar removal without excess water that could 
hydrogen bond with the phenolic oligomers, which makes it more difficult to remove the 
water. It was possible that less than a 1:1 ratio was not enough water to remove sugars 
effectively, and the water that remained was in the raffinate and associated with the 
sugars. 
The optimum number of washes needed for removal of the WSS in SF1 and SF2 
was determined (Figure 2). A single wash removed 77.1 wt % of the sugars on a dry basis 
(db) from SF1 and 80.1 wt % db sugars for SF2. A second wash removed an additional 
15.9 wt % db for the phenolic oligomer-rich raffinate of SF1 and an additional 14.3 wt % 
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sugars db for SF2. Two consecutive washes removed approximately 93% of the sugars 
from SF1 and 94% from SF2. This could be improved by optimization of the washing 
system. An in-line system, with perhaps a counterflow, may remove the majority of the 
sugars with one wash. 
The influence of the extraction temperature on the removal of WSS in SF1 and 
SF2 was also determined. The bio-oil temperature did not impact the extraction of the 
WSS from SF1 (Figure 3), and all of the results fall within the experimental error. 
However, the extraction temperature did influence the recovery of WSS from SF2. As the 
temperature increased, the extraction efficacy increased. The maximum sugar recovery 
from SF2 occurred from 80–1200C. A temperature of 1200C was achieved by heating the 
SF1 and SF2 oil to the desired temperature with the addition of water at 1000C. 
Coincidentally, bio-oil is recovered from Stage 1 (condenser) at approximately 80–900C 
and from Stage2 (electrostatic precipitator (ESP) for recovery of aerosols) at 80–1200C, 
which suggests that on-line separation of sugars and phenolic oligomers from freshly 
produced heavy ends could be implemented readily as these temperatures are close to that 
of bio-oil recovered from the separation system.[5] 
The molecular weight distribution (relative to polystyrene standards) for the 
phenolic oligomers obtained as raffinate from SF1 shows four peaks (Figure 4). The first 
and second peaks at 97 and 185 Da are consistent with the molecular weights of phenolic 
monomers.[9] Examples of possible monomers expected for red oak include phenol (94 g 
mol-1), syringol (154 g mol-1), and 4-propenyl syringol (194 g mol-1).[10] The third 
peak at 285 Da is likely a dimer, and the fourth peak at 437 Da is thought to result from 
trimers.[9] The maximum molecular weight is 5770 Da for SF1 phenolic oligomer-rich 
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raffinate. SF2 phenolic oligomer-rich raffinate indicates a slightly different profile than 
SF1 heavy ends raffinate. There are only two prominent peaks at 279 and 429 Da with a 
maximum molecular weight of 5655 Da. These peaks are consistent with dimers and 
trimers. The SF2 profile indicates that higher molecular weight species make up the 
majority of SF2 compared to SF1. Ultimately, this would have an effect on extraction 
temperatures, which suggests that higher extraction temperatures would be required for 
SF2, as shown in Figure 3. The maximum molecular weight for phenolic oligomers 
obtained as raffinate from SF2 is slightly lower than that of SF1 raffinate. 
The empirical formulas for the phenolic oligomer-rich raffinate (db) after three 
washes were CH1.03O0.26 and CH1.1O0.25 for SF1 and SF2, respectively. For 
comparison, empirical formulas for possible phenolic monomers are shown in Table 2. 
As indicated, the empirical formulas of the phenolic oligomer-rich raffinates for SF1 and 
SF2 fall within the various phenolic monomers identified in hardwood lignin.[11] 
However, the phenolic oligomer-rich raffinates appear to have less hydrogen and oxygen 
compared to many of the possible monomers, which suggests possible deoxygenation by 
the loss of hydroxyl groups in the raffinates. 
The empirical formula for sugar (db) in the sugar-rich solution from a single wash 
of SF1 was CH1.5O0.65. This indicated that other compounds were present in the sugar-
rich solution in addition to levoglucosan (empirical formula of CH1.7O0.83). Therefore, 
sugar-rich solutions obtained after each of the four washes of SF1 and SF2 were 
evaluated by GC with flame ionization detection (FID) and ion-exchange 
chromatography to quantify other water-soluble or partially soluble compounds (Table3). 
As indicated, approximately 6.5wt% wet basis (wb) and 3.2 wt % (wb) of the first wash 
 
 
 
109
of SF1 and SF2, respectively, were constituents other than sugars. The washes from SF2, 
which consist of high-molecular-weight aerosols captured by an electrostatic precipitator, 
contained approximately 50% less nonsugar constituents versus the washes from SF1, 
which resulted in the relative ratios of sugar to other constituents to be much higher. The 
relative ratios of sugars continued to decline for three consecutive washes for both SF1 
and SF2 from ratios of 2.0 to 0.3 and 6.0 to 0.5, respectively. The use of these sugar-rich 
solutions for fermentation may require additional steps to remove water-soluble 
compounds that are toxic to fermentation micro-organisms. 
SF1 and SF2 were also evaluated for total water-insoluble constituents. The 
percentage of phenolic oligomer-rich raffinate from SF1 after a single wash was 54.5 wt 
% (db), whereas 46.4 wt % (db) remained after a second wash. Raffinate from SF2 
showed a similar trend with each additional wash. The water-insoluble content of the 
phenolic oligomer-rich raffinate from SF1 after four washes was 40.5 wt % (db) and 44.7 
wt % (db) was obtained for raffinate from SF2. This work suggests that the phenolic 
oligomer-rich raffinate may require two to three washes if the removal of “other non-
phenolic” water- soluble constituents is desired. 
Media detoxification 
Known inhibitory concentrations (IC) of undesirable “contaminants” for E. coli[7] 
that are found in the WSF of bio-oil given in wt % (wb) are given in Table 4. These 
inhibitors can be divided into three major groups: organic acids, furans, and phenolic 
compounds.[12] Some of these compounds have been studied as biocatalyst inhibitors. 
However, bio-oil also contains other compounds, and the inhibition mechanism has not 
been characterized.[7] The concentrations of acetol, guaiacol, and furfural in the WSF of 
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both SF1 and SF2 and 5-hydroxymethylfurfural (5-HMF) in the WSF of SF2 are below 
the IC100 for E. coli without the performance of any detoxification steps. This is be- cause 
of the fractionated condenser system that collects bio- oil by condensation points during 
production, which pushes the light oxygenates to stage 3–5 in which the vapors are 
condensed sequentially in SF3–5 as the condensation points decrease.[5] 
Other inhibitory compounds are present in SF1 and SF2 pyrolytic sugars (Table 
3). Liquid–liquid extraction removed phenolics and acids and reduced the furans with no 
loss of sugar in the sample (Figure 5). Ionic liquid removed 5-HMF more effectively than 
liquid–liquid extraction or ion-exchange resin. This detoxification method did not result 
in the loss of sugars. The ion-exchange resin showed more success with acid removal 
versus the ionic liquid. However, it was not effective for the removal of furan and 
phenolic compounds. There was an (8.0±0.4) % loss of sugars following detoxification 
using the ion-exchange resin. Ultimately, liquid–liquid extraction indicated more 
detoxification success with the pyrolytic sugars particularly with the removal of the 
phenolic compounds. Although specific biocatalyst inhibition is beyond the scope of this 
study, the results obtained indicate the importance of the understanding of biocatalyst 
inhibitors as each treatment affected the removal of specific compounds. For the effective 
fermentation of pyrolytic sugars, the full extent of inhibitors requires further study. 
Detoxification methods may also inadvertently decrease the amount of sugars available 
for fermentation, as indicated with this work. 
Detoxification by overliming was also used in this study (Figure 6). The results 
indicate that the three overliming detoxification methods used were equally successful in 
the removal of furans. However, NaOH removed approximately three times the amount 
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of phenol and more of the vanillin and guaiacol than the other methods. 
The Ca(OH)2 overliming treatment resulted in the loss of (7.0±0.2)% sugars and 
formed precipitate for several days, which made it a difficult method to handle. The 
NaOH and NH4OH detoxification methods were more straightforward. No loss of sugars 
was experienced with the NaOH and NH4OH overliming treatments. 
The NaOH overliming treatment provided the most successful results in this 
detoxification study. Ethanologenic E. coli were able to utilize pyrolytic sugars at 2 wt % 
after NaOH overliming. The utilization of NaOH-treated sugars was compared to the 
untreated sugars and a pure glucose control. 
The untreated sugars are very inhibitory to the growth of ethanologenic E. coli 
relative to the treated sugars or pure glucose beyond a certain concentration, which is 
very low (Figure 7). The NaOH-treated sugars and pure glucose had similar levels of 
bacterial growth at a concentration of 1.0 wt %. At a concentration of 2.0 wt %, the 
NaOH-treated sugars showed superior fermentability compared to the glucose control at 
the same concentration. However, at concentrations above 2.0wt%, even the treated 
pyrolytic sugars were inhibitory to biocatalyst growth. Ethanol production values using 
the untreated sugars were never greater than the value observed on using unsupplemented 
rich media (data not shown). The treated sugars enabled the production of (0.5±0.0) and 
(0.9±0.2) g L-1 from 1.0 and 2.0 wt % pyrolytic sugars, respectively. However, these 
titers were lower than the values of (1.8±0.1) and (4.1±0.1) g L-1 observed on using 1.0 
and 2.0 wt % pure glucose. Ethanol titers on using 3.0wt% treated sugars were 
comparable to the use of media with no added sugars. The reason for the lower ethanol 
titers from the pyrolytic sugars remains unclear, although it may be because of the poor 
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levoglucosan scavenging ability noted in previous reports[8] or the inhibitory impact of 
the toxic compounds in the pyrolytic sugars. 
Conclusions 
The ability to separate sugars and lignin-derived phenolic oligomers from the 
heavy fractions of bio-oil produced by the pyrolysis of lignocellulosic biomass has been 
successfully demonstrated. This is made possible by the large difference in water 
solubility of the sugars and phenolic oligomers. The sugars were extracted effectively at 
over 93wt% with two water washes. Approximately 3–7 wt % of other water-soluble or 
partially soluble constituents were removed with the water-soluble sugars. This research 
has shown that sugars and phenolic oligomers can be separated to provide two separate 
streams for fermentation, catalytic upgrading, or other kinds of conversions to value-
added products. 
The NaOH overliming treatment provided the most successful results with no 
removal of sugars during the treatment. Ethanologenic E. coli were able to utilize 
pyrolytic sugars at 2 wt % after NaOH overliming. However, this weight percent is too 
low to produce commercially viable ethanol and requires additional research. 
Experimental section 
Sugar recovery methodology 
Bio-oil was produced by using a fluidized-bed fast pyrolysis process development 
unit operated at 450–5000C with a bio-oil recovery system that consisted of multiple 
stages that have distinctive properties from one another (Figure 1). Stages 1, 3, and 5 are 
water- cooled condensers operated at progressively lower temperatures to collect SFs of 
bio-oil according to condensation temperatures of the different compounds in the vapor 
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stream. Stages 2 and 4 are ESPs designed to collect aerosols generated downstream from 
these stages. Stages 1 and 2 collect viscous, high-boiling-point compounds referred to 
collectively as heavy ends of the bio-oil. Stages 3 and 4 capture the compounds of 
intermediate molecular weight, and stage 5 recovers an aqueous phase that contains light 
oxygenates, which includes acids and aldehydes. Further details on the fractionating bio-
oil recovery system can be found in Ref. [5]. 
Red oak (Quercus rubra; Wood Residual Solutions of Montello, WI) was used as 
the feedstock for the production of the bio-oil. This study focuses on the separation of 
sugars and phenolic oligomers from SF1 and SF2, the use of detoxification methods to 
“clean” the separated sugars, and the use of the clean sugars for fermentation. The sugars 
found in SF1 and SF2 include levoglucosan, cellobiosan, xylose, galactose, and mannose. 
The bio-oil was stored at 5oC in polypropylene containers. 
The Association of Analytical Communities, Inc. (AOAC) Method 988.12 
(44.1.30) Phenol-Sulfuric Acid Assay for Total Carbohydrate Determination was used to 
quantify the total sugar in SF1 and SF2. Levoglucosan was used as the standard.[3b,13] 
The water-soluble fraction was evaluated by using GC with a flame ionization detector 
430 (Bruker Corporation, Bruker Daltonics, Inc., Fremont, CA). The acid content was 
determined by ion-exchange chromatography. Acetic, formic, glycolic, and propionic 
acids were quantified in the analyses.[3b] Moisture determinations were performed by 
using a MKS 500 Karl Fischer Moisture Titrator (Kyoto Electronics Manufacturing Co., 
LTD, Kyoto, Japan).[5a] The percent moisture of the bio-oil samples was determined in a 
minimum of three trials. 
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Gel-permeation chromatography (GPC) was used to determine the molecular 
weight distribution of the phenolic oligomer-rich raffinates separated from the heavy 
ends of the bio-oil. The HPLC system used was a Dionex Ultimate 3000 (Sunnyvale, CA) 
equipped with a Shodex refractive index (RI) and diode array detector (DAD). The 
software used to control the instrument and evaluate the samples was Dionex 
Chromeleon version 6.8. For the GPC analyses, the eluent for the phenolic oligomers was 
THF with two Agilent PLgel 3μm 100A 300 *7.5 mm columns and one Mesopore 300 
*7.5 mm column. The column flow rate was 1.0 mL min-1 at  
25 0C. The phenolic oligomers samples were prepared by using 10 mL of THF and 0.02 g 
of heavy ends from the bio-oil. All samples were filtered through a Whatman 0.45 m 
Glass Microfiber syringe filter before analysis. The GPC standards were purchased from 
Agilent (Agilent Technologies, Inc. Santa Clara, CA). These standards contained 
polystyrene that ranged from 162–38 640 g mol-1. The polystyrene standards were 
diluted with HPLC-grade stabilized THF (JT Baker). 
The minimum amount of water required for the phase separation of bio-oil water-
soluble constituents from the water-insoluble constituents was determined by the addition 
of deionized water dropwise into SF1 and SF2 while stirring thoroughly by hand after 
each addition. This forced phase separation to occur. Water was dispensed by using an 
electronic repeater pipette (Eppendorf North America, Inc., Hauppauge, NY). The 
original water in the bio-oil was included in all ratio calculations. 
The ultimate analysis was performed by using a LECO TruSpec carbon, 
hydrogen, and nitrogen (CHN) analyzer (LECO Corp., St. Joseph, MI) with the 
determination of oxygen by difference, which has been described previously.[5a] 
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Ethylenediaminetetraacetic acid was used as a standard for the CHN determinations. 
The phenolic oligomer-rich raffinate was separated from the water-soluble 
components by using a known amount of oil mixed at different ratios by weight with 
deionized water. The resulting solution was stirred manually to blend the bio-oil and 
water. The sample was placed on a shaker table (MaxQ 2506, Thermo Scientific, 
Hanover Park, IL) for 30 m at 250 motions min-1 and centrifuged (accuSpin 1R, Thermo 
Scientific, Hanover Park, IL) at 2561 g force for 30 min. The water-soluble portion 
(sugar-rich solution) was decanted. 
Media detoxification methodology 
Cultures were inoculated into a medium of Luria Broth supplemented with filter-
sterilized untreated pyrolytic sugar, NaOH-treated pyrolytic sugar, and pure glucose at an 
initial optical density (OD) of 0.05 (10 mL). The fermentation was performed in 50 mL 
sterile centrifuge tubes at 370C with a horizontal shaking speed of 150 rpm for 48 h. Two 
replicates were used for each concentration of three types of sugars. Preculture was 
performed in Luria Broth with no sugar for inoculation. The initial pH values of the 
media were approximately 7.0. The titer of ethanol production was measured by using a 
Bruker 450 GC–FID with a Zebron ZB-WAXplus GC capillary column (Phenomenex, 
Torrance, CA). Galaxie Software was used to process data. The flow rate of helium was 
25 mL min-1 as gas carrier. The oven temperature was 350C for 5 min and then in- 
creased to 1300C at the rate of 100C min-1 for ethanol detection. 
A liquid–liquid extraction method was evaluated for detoxification. A solution of 
25% tri-n-octylamine in 1-octanol[14] was mixed in a 1:1 w/w ratio with the WSS, 
placed on a shaker table for 2 h, and centrifuged for 10 min at 2635 g. An ionic liquid, 1-
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methyl-3-octyli-midazolium tetrafluoroborate,[15] was mixed in a ratio of 1:5 v/v WSS, 
vortexed for 30 min, and centrifuged for 20 min at 2635 g. An ion-exchange resin, 
Dowex 66, was also evaluated. It was mixed in a ratio of 1:5 v/v WSS, vortexed for 30 
min, and centrifuged for 20 min at 2635 g. Three treatments by overliming were 
evaluated for detoxification of the sugar solutions. The first detoxification overliming 
procedure involved the increasing of the pH of the WSS to 11.0 by the addition of 
Ca(OH)2. The solution was heated to 30
0C with the pH held at 1.0 for 3.0 h.[16] In the 
second overliming procedure, NaOH was used to increase the pH of the WSS to 9.0, and 
the solution was heated to 800C and held at this temperature and pH for 3 h. The third 
overliming procedure was accomplished by using NH4OH. The solution was heated to 
550C for 3h at pH 9.0.[17] After the prescribed overliming treatments, the pH was 
adjusted to 7.0 for each by using H2SO4. 
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Table 1. Moisture [%] in SF1 and SF2 heavy ends after WSS extraction using different 
water/bio-oil ratios. 
 
Water/bio-oil ratio Moisture in SF1 Moisture in SF2 
0.5:1 27.0±1.74 22.6±0.70 
1:1 18.3±0.17 17.9±0.49 
2:1 22.6±0.42 22.0±0.59 
5:1 21.9±0.62 19.7±0.26 
 
Table 2. Empirical formulas of phenolic monomers obtained from hardwood lignin.11 
Phenolic monomer Empirical formula 
phenol CHO0.17 
vanillin CHO0.38 
guaiacol CH1.1O0.29 
acetosyringone CH1.2O0.40 
4-propenyl syringol CH1.3O0.27 
2,6-dimethoxy-4-methylphenol CH1.3O0.33 
syringyl acetone CH1.3O0.36 
syringol CH1.3O0.38 
 
 
 
1
1
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Table 3. Comparison of water-soluble and partially soluble constituents other than sugars found in the sugar-rich solution from 
SF1 and SF2 after consecutive washes. 
 
Chemical Washes SF1 [wt % wb] Washes SF2 [wt % wb] 
 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 
acetol 0.55±0.07 0.23±0.01 0.14±0.01 0.05±0.01 0.31±0.01 0.18±0.01 0.09±0.01 0.02±0.0004 
furfural 0.25±0.06 0.13±0.02 0.10±0.01 0.05±0.004 0.08±0.01 0.06±0.01 0.05±0.01 0.02±0.001 
2,6-methoxyphenol 0.04±0.02 0.03±0.001 0.02±0.004 0 0 0.01±0.002 0.01±0.001 0 
ethylene glycol 1.30±0.23 0.24±0.01 0.08±0.01 0.09±0.01 0.42±0.05 0.10±0.02 0.03±0.01 0.03±0.003 
furfuryl alcohol 0.20±0.13 0.07±0.02 0.06±0.01 0.05±0.002 0.09±0.04 0.03±0.01 0.03±0.01 0.03±0.002 
2(5 H)-furanone 0.09±0.01 0.20±0.01 0.15±0.004 0.01±0.004 0.29±0.02 0.19±0.09 0 0 
3-methyl-1,2-
cyclopentanedione 
0.48±0.01 0.38±0.02 0.26±0.04 0.15±0.01 0.15±0.003 0.11±0.02 0.09±0.02 0.10±0.02 
guaiacol 0.10±0.04 0.13±0.004 0.09±0.03 0.03±0.0009 0.05±0.01 0 0.02±0.002 0.02±0.0009 
vanillin 0.06±0.01 0.04±0.01 0.04±0.02 0.01±0.003 0 0 0.09±0.02 0 
 
 
 
 
 
1
1
9
 
Table 3 continued 
phenol 0 0.29±0.09 0.41±0.04 0.03±0.003 0.06±0.01 0.25±0.05 0.28±0.02 0.02±0.0004 
5-HMF 0.32±0.07 0.48±0.02 0.31±0.05 0.13±0.01 0.33±0.02 0.26±0.11 0.12±0.02 0.05±0.002 
acetic acid 0.89±0.01 0.40±0.005 0.20±0.004 0.04±0.0006 0.56±0.02 0.23±0.03 0.11±0.0002 0.03±0.0002 
formic acid 0.57±0.02 0.25±0.001 0.19±0.003 0.03±0.0009 0.34±0.03 0.15±0.004 0.11±0.0008 0.03±0.0004 
glycolic acid 0.84±0.01 0.32±0.001 0.18±0.0003 0.03±0.0003 0.43±0.04 0.14±0.03 0.18±0.0001 0.03±0.0003 
propionic acid 0.08±0.003 0.04±0.001 0.03±0.0005 0.01±0.0001 0.07±0.01 0.03±0.001 0.02±0.0001 0.004±0.001 
total [wt % wb] 6.5±0.03 3.4±0.01 2.3±0.01 0.71±0.004 3.2±0.02 1.9±0.02 1.4±0.01 0.38±0.003 
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Table 4. Concentration of known E. coli inhibitors in SF1 and SF2 and their respective IC 
values.[7] ([a] Ref. 3b. [b] Ref. 18. [c] Ref. 19. [d] Ref. 20. [e] Ref. 7.) 
 
Compound[a] 
SF1 bio-oil WSF [wt % 
wb][a] 
SF2 bio-oil WSF [wt % 
wb][a] 
IC [wt %] 
5-HMF 0.67±0.1 0.16±0.02 0.45, IC100[b] 
formic acid 0.93±0.01 0.26±0.001 
1.75, IC100[c] 0.46, 
IC90[d] 
acetic acid 1.33±0.001 0.46±0.01 
2.5, IC100[c] 0.60, 
IC90[d] 
furfural 0.34±0.07 0.10±0.02 
0.37, IC100[b] 0.11 
IC90[d] 
guaiacol 0.18±0.06 0.15±0.06 0.30, IC100[c] 
acetol 0.69±0.07 0.26±0.06 5.0, IC100[e] 
 
 
 
 
Figure 1. Schematic of the fast pyrolysis reactor with five-stage recovery. 
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Figure 2. Total water-soluble sugars removed from SF1 and SF2 phenolic oligomer-rich 
raffinates (at approximately 40 °C) with multiple washes with total water-soluble sugars 
determined by the AOAC Method 988.12 (44.1.30) with standard deviation indicated by 
error bars. 
 
 
 
 
 
Figure 3. Effect of the extraction temperature on the removal of water-soluble sugars 
from SF1 and SF2 with standard deviation indicated by error bars. 
 
 
 
 
 
Figure 4. Molecular weight (relative to polystyrene standards) comparison of phenolic 
oligomer-rich raffinates for SF1 and SF2 after one water wash. 
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Figure 5. Comparison of results obtained by the liquid–liquid extraction, ionic liquid, and 
ionic resin detoxification methods with standard deviation indicated by error bars. 
 
 
 
 
 
 
Figure 6. Comparison of Ca(OH)2, NH4OH, and NaOH overliming treatments on the 
removal of chemicals in the pyrolytic sugars with standard deviation indicated by error 
bars. 
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Figure 7. Utilization of treated and untreated pyrolytic sugars by ethanologenic E. coli 
engineered to use levoglucosan in comparison to glucose, the control. Cells were grown 
at 37 °C in rich media supplemented with the indicated amount of sugars with standard 
deviation indicated by error bars. 
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Abstract 
Lignocellulosic biomass is an appealing feedstock for production of biorenewable fuels 
and chemicals. Thermochemical processing is a promising method for the 
depolymerization of biomass into sugars, which we refer to here as pyrolytic sugars. 
However, like with many other methods of biomass depolymerization, trace compounds 
in the resulting sugar syrup are inhibitory to the microbial biocatalyst. Since many of 
these inhibitors are hydrophobic, we proposed that the microbial membrane is damaged 
during utilization of these sugars. We measured the membrane integrity, fluidity and lipid 
composition of ethanologenic Escherichia coli KO11+lgk during challenge with pyrolytic 
sugars derived from red oak. Relative to cells exposed to pure sugars, these cells showed 
a significant change in both the membrane fluidity and the membrane integrity, and also 
slightly altered the membrane lipid composition at even relatively low concentrations. 
Pyrolytic sugars detoxified by overliming also perturb the membrane, though 
approximately 5-fold higher concentrations are required for similar degrees of damage. 
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Directed evolution was simultaneously employed to improve the resistance of E. coli to 
the pyrolytic sugars, and membrane analysis exhibited that the evolved E. coli TJE1, 
strengthened the membrane during this process, which is one of the factors resulting in 
the increased tolerance. Besides, evolved TJE1 also showed a great reduction of 
extracellular proteins compared to KO11+lgk. This study provides insight into the 
biological challenges associated with pyrolytic sugar utilization and can guide strain 
selection and engineering. 
Keywords 
Fast pyrolysis; Pyrolytic sugars; Membrane damage; Membrane fluidity; Overliming 
treatment 
Introduction 
Lignocellulosic biomass is an attractive source of carbon and energy for the 
production of biofuels and chemicals [1-4]. This biomass mainly consists of three 
components: cellulose, hemicellulose and lignin [5]. Cellulose and hemicellulose are both 
rich in carbohydrates that, when released from the biomass, are an attractive source of 
carbon and energy for microbial production of fuels and chemicals. There are a variety of 
methods to release these sugars, such as acid hydrolysis [6,7], alkali hydrolysis [8], 
ozonolysis [9], ionic liquid [10] and steam explosion [11], as reviewed elsewhere [12-
14].  
In the present study we employ fast pyrolysis to produce a “pyrolytic syrup” from 
lignocellulosic biomass. Fast pyrolysis is the rapid thermal decomposition of biomass in 
the absence of oxygen to produce mostly liquid products [15-17]. As conventionally 
produced, the liquid is an emulsion of lignin-derived phenolic compounds in an aqueous 
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phase of oxygenated compounds derived from the decomposition of polysaccharides, 
mostly aldehydes, ketones, furans, and carboxylic acids. Normally sugars are only a small 
fraction of the organic content of the liquids because naturally occurring alkali and 
alkaline earth metals (AAEM) catalyze pyranose and furanose ring fragmentation during 
pyrolysis [18]. However, recent research has revealed that the recovery of a variety of 
hexose and pentose sugars and anhydrosugars (referred to collectively as pyrolytic 
sugars) can be dramatically increased by pretreating the biomass prior to pyrolysis with a 
small amount of sulfuric or phosphoric acid to passivate the AAEM and impede its 
catalytic action on the polysaccharides [19,20]. 
 We are able to recover pyrolytic sugars through a two-step fractionating process. 
The first step condenses high boiling point compounds (heavy ends) from vapors exiting 
the pyrolysis reactor. These heavy ends consist of water-insoluble phenolic oligomers 
derived from lignin and water-soluble pyrolytic sugars, the latter of which are washed out 
of the heavy ends with water to produce pyrolytic syrup.  The syrup is fermentable except 
that it contains compounds that are inhibitory to microbial biocatalysts, including 
phenolic compounds, alcohols, aldehydes and acids [21,22]. This limits the amount of 
sugar that can be provided to the fermentation and thus limits the amount of product that 
the microbes can produce.  
Biocatalyst inhibition is a common problem in the utilization of biomass-derived 
sugars and in the production of biorenewable fuels and chemicals [23].  A variety of 
biomass processing techniques have been described and for many of them, the resulting 
stream of fermentable sugars contains compounds that are inhibitory to the microbial 
biocatalyst [21,24-26]. These inhibitory compounds include, but are not limited to, 
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phenolics, alcohols, aldehydes, and organic acids. This inhibition has been characterized 
for a variety of the compounds present in the highest concentrations in processed biomass 
[27-32].  However, for many of these compounds the inhibitory effect is synergistic, 
making it very difficult to identify which compound is the most problematic [29,30]. 
One approach for dealing with this inhibition is to remove the inhibitory 
compounds from the pyrolytic syrup. For example, pyrolytic sugars that have been 
subjected to detoxification by alkali not only have decreased toxicity for microbial 
biocatalysts, but also have decreased phenolic content and also support the production of 
higher ethanol titers [21,22]. An alternative approach is to identify the mechanism of 
inhibition, so that the microbes can be engineered for improved robustness [23,33-35].  
Previous studies [21,22], have identified a variety of non-sugar compounds 
present in pyrolytic sugars, many of which are hydrophobic, including but not limited to 
hydroquinone, vanillin, catechol, cyclotene, syringol, syringaldehyde and pyrogallol. 
However, the mechanism of toxicity caused by those compounds has not been well 
understood. Overton’s Rule states that the membrane permeability of a molecule is a 
function of its hydrophobicity [36], leading to our proposition that pyrolytic sugar 
toxicity may be due, at least in part, to membrane disruption caused by these hydrophobic 
compounds. This disruption of the microbial membrane can cause leakage of valuable 
metabolites [37-41]. Another important metric of membrane health is the membrane 
fluidity, a function of the chain length, saturation, isomerization, branching and 
cyclization of the lipid bilayers and the membrane-embedded proteins [42]. Membrane 
fluidity can change in response to growth conditions [43-46] or the presence of 
membrane-damaging compounds [38,47].  
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As previously described, rational metabolic engineering can be used to modify the 
microbes for desired features. However, biomass-derived sugar streams sugars are 
complex and contain many compounds that have not yet been characterized. Therefore, 
we used directed evolution to achieve our goal of improving the performance of E. coli to 
the pyrolytic sugars. Directed evolution is a straightforward and effective method to 
enhance either tolerance or production, or both of microbes under stressful environment 
(evolution chapter). The subsequent step of reverse engineering will guide to understand 
the mechanism. 
The goal of this work was to test the proposition that the trace hydrophobic 
compounds present in pyrolytic sugars damage the cell membrane. Specifically, we 
evaluated the cell membrane integrity, fluidity and composition of ethanologenic E. coli 
in the presence of non-detoxified (raw) and dextoxified (overlimed) pyrolytic sugars. Our 
proposition that membrane damage is the primary mechanism of toxicity was further 
supported by our finding that evolved strain E. coli TJE1 was less sensitive to this 
membrane damage that the parental strain. 
Materials and methods 
Strain and medium 
E. coli strain KO11 (ATCC strain 55124) was previously engineered for 
levoglucosan utilization by genomic integration of the codon-optimized levoglucosan 
kinase gene (lgk) from Lipomyces starkeyi into the PET operon [48] and is referred to 
here as KO11+lgk. Seed cultures were grown in LB medium with chloramphenicol at a 
final concentration of 40 μg/ml, shaken horizontally at 200 rpm at 37 °C overnight. 
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Production of raw pyrolytic sugars 
Red oak (Quercus rubra; Wood Residual Solutions, LLC of Montecello, WI ) 
biomass, with a moisture content of approximately 10% (w/v), was used for the 
production of the bio-oil [21].  It was milled to size using an Artsway, 60hp hammer mill 
equipped with a 3 mm screen. The feedstock was then pyrolyzed at approximately 500 °C 
utilizing a fluidized bed reactor with a staged bio-oil recovery system previously 
described [49].  
The water-soluble pyrolytic sugars were separated from the water-insoluble 
phenolic oligomers using a 1:1 ratio of heavy ends bio-oil-to-deionized water (by weight) 
immediately after production. This solution was mixed thoroughly to blend the heavy 
ends bio-oil and water using a batch lab scale mixer. The resulting sample was placed on 
a shaker table (MaxQ 2506, Thermo Scientific, Hanover Park, IL) for 30 min at 250 
motions min-1 and centrifuged (accuSpin 1R, Thermo Scientific, Hanover Park, IL) at 
2,561 × g for 30 min. The water-soluble portion (pyrolytic sugar-rich solution) was 
decanted and rotary evaporated at 40 °C [21].  
 Overliming detoxification of pyrolytic sugars 
Raw pyrolytic sugars were detoxified according to the overliming procedure 
described by Chi et al [22]. Briefly, Ca(OH)2 powder was added into 10 wt% raw 
pyrolytic sugars to a final concentration of 18.5 g/L. The mixture was then held at 60 oC 
for 4 h with stirring. The mixture was then centrifuged at 8,817 × g, and then the 
supernatant was collected and adjusted to pH 7.0 by the addition of 50% sulfuric acid. 
After 24 h incubation, the sample was centrifuged again and the supernatant was 
collected. 
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Membrane leakage 
1. Magnesium leakage analysis 
Magnesium leakage was quantified according to previously described methods 
[38]. Seed cultures were inoculated into 50 ml LB. Cells were then collected in the mid-
log phase, centrifuged at 4000 × g, 4 oC for 15 min, and washed twice in PBS (pH 7.0). 
Cells were resuspended in PBS at a final OD550 of 15 and treated with pyrolytic sugars. 
The cell suspensions were vortexed and incubated at 37 oC, 250 rpm for 1.5 h.  Cell 
suspensions were then centrifuged at 21,000 × g, 4 oC for 5 min. Two μl of the 
supernatant was added to 3 ml of the magnesium reagent (SEKISUI Chemical Co) and 
incubated at 25 oC for 5 min. The amount of magnesium present in the supernatant was 
measured via the absorbance at 660 nm. As a positive control, cells were also treated with 
chloroform, added at a volume ratio of 1 part chloroform to 10 parts cell suspension.  
2. SYTOX Green flow cytometry analysis 
Cells were harvested in the mid-log phase and processed in the same way as 
magnesium leakage analysis. The cell pellets were then resuspended in PBS at a final 
OD550 of 1.0 and treated with ethanol and/or pyrolytic sugars. After 1.5 h incubation, 100 
μl of the cell suspensions were added to 900 μl PBS with 1 μl SYTOX Green (Life 
Technologies) nucleic acid stain, as previously described [50]. BD Biosciences 
FACSCanto II flow cytometer at the ISU Flow Cytometry Facility was employed for the 
analysis with a 20 mW, 488 nm Argon laser with optical fixed-alignment as the 
excitation source. Simultaneous measurements of forward and side laser scatter, and 
SYTOX Green fluorescence were made. Background and non-cellular events were 
eliminated from data acquisition using a minimum side scatter threshold.  
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Membrane fluidity analysis 
Cells were harvested in the mid-log phase and processed in the same way as with 
the magnesium leakage analysis. The collected cells were resuspended in PBS to 
OD550~0.6.  After 1.5 h treatment with pyrolytic sugars, 6-diphenyl-1,3,5-hexatriene 
(DPH; Life Technologies) dissolved in tetrahydrofuran was added to the cell suspensions 
to a concentration of 0.2 μM, followed by 30 min of incubation at 37 oC with shaking at 
250 rpm. The fluorescence polarization values were quantified as previously described 
[38]. Synergy 2 Multi-Mode microplate reader from BioTek was employed for the 
analysis with 360/40 nm excitation and 460/40 nm emission. To eliminate the 
background of glucose and pyrolytic sugars, the corresponding samples without cells 
were analyzed as a control.  
Membrane lipid composition analysis 
Cells were harvested in the mid-log phase and processed in the same way as with 
the magnesium leakage analysis. The collected cells were resuspended in PBS and treated 
with raw pyrolytic sugars at 37 °C for 1.5 h. The extraction of fatty acids was performed 
as previously described [38]. Briefly, the cell pellets were washed by ice-cold water and 
dissolved in methanol. Cell suspensions were then sonicated and incubated at 70 °C for 
15 min with an amount of  50 μg of C13 (tridecanoic acid) and C19 (nonadecanoic acid) 
respectively as internal standard. After centrifugation at 4,000rpm, 4 °C for 5min, the 
supernatant was collected followed by the addition of water, and cell pellets were 
resuspended with chloroform separately. Subsequently, the supernatant was transferred 
back to cell pellets and after another round of mixing and centrifugation, and the fatty 
acids were extracted from the chloroform layer of the mixture and concentrated by an N-
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Evap nitrogen tree evaporator (Organomation Associates). The lipids were further 
methylated into esters and analyzed by gas chromatograph-flame ionization 
detector/mass spectrometer (GC-FID/MS) (Agilent Technologies Model 6890 Gas 
Chromatograph coupled to a Model 5973 Mass Selective Detector). 
Fermentation and directed evolution in fleaker system 
Seed cultures were inoculated into 500 ml fleakers filled with 350 ml LB medium 
with 40 μg/ml chloramphenicol, supplemented with 10% (w/v) of a mixture of glucose 
and raw pyrolytic sugars at an initial OD550 value of 0.05. Batch fermentations were 
performed in a 37 °C water bath with stirring at 200 rpm. The pH was maintained at 7.0 
by automated addition of 2M KOH. Two replicates were used for each concentration of 
raw pyrolytic sugars. The pyrolytic sugar concentration at the beginning of the 
evolutionary procedure was 0.25% (w/v). Cultures were sequentially diluted into fresh 
medium at 12h intervals or when the optical density (OD550) reached 2.0. Three serial 
transfers were conducted for each sugar concentration, followed by an increase of 0.05% 
(w/v) in the pyrolytic sugar content. The strain obtained from the directed evolution was 
verified by the unique pdc gene in KO11+lgk, and one colony was picked and designated 
TJE1. 
Encapsulation of KO11+lgk cells  
Seed cultures of E. coli KO11+lgk were prepared in 10 ml LB medium overnight, 
shaken at 250 rpm, 37 oC overnight. Seed cultures were then inoculated into flasks filled 
with 50 ml LB at the initial OD550 of 0.1, growing to OD550 of around 1.0. The 
preparation of encapsulated cells was described in [51]. Briefly, the cell suspensions were 
washed with water and mixed with 1.3% (w/v) sodium alginate solution at the volume 
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ratio of 1:4. Then the polymer/cell suspension was extruded into 20 g/L calcium chloride 
by pump at the flowrate of 1.0 ml/min. The distance between the droplets of suspension 
and the calcium chloride solution was around 2.5cm. After the formation, the beads were 
further hardened in fresh calcium chloride for 1 h to complete the gelation process. Then 
the beads were washed with 0.9% (w/v) saline solution and water, and resuspended with 
LB. At last, the beads were aliquot and loaded into fresh medium containing pyrolytic 
sugars. 
Extracellular polymeric substances (EPS) extraction and quantification 
As previously described (Xiao’s paper), E. coli were incubated on LB plates 
overnight at 37 oC. Then the cells were collected and dissolved in 30ml 0.85% (w/v) 
NaCl solution completely. The cell concentrations were measured by cellometer M10. 
Afterwards, the cell suspensions were centrifuged at 16,300×g at 4 oC for 30 min. The 
supernatant was taken and filtered, and 3-fold volume of ice-cold pure ethanol was 
added. The mixture was incubated at -20 oC for 24 hr, and spun at 16,300×g at 4 oC for 
30 min the next day. The supernatant was decanted and the deposits were resuspended 
with 5.5 ml DI water for following analysis. In regards to protein analysis, 3 ml alkaline 
copper reagent (1 wt% CuSO4: 2 wt% Na Tartrate: 2 wt% NaCO3 in 0.1M 
NaOH=1:1:98) was first added into 0.6 ml samples, and the mixtures were incubated for 
10 min. Then The mixtures were mixed with 0.15 ml Folin-Ciocalteu reagent (2N Folin-
Ciocalteu Phenol:water=1:1) and incubated for 30 min. The samples were quantified 
under 500nm with a series of diluted BSA solutions as external standards. In regards to 
polysaccharide analysis, 25 μl of 80% phenol (w/v) was mixed with 1 ml samples, and 
2.5 ml of 98% sulfuric acid was subsequently added. The mixtures were stabilized for 10 
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min and then incubated in 30 oC water bath for another 20 min. In the end, the samples 
were stood for 4 hr and quantified under 488 nm with a series of diluted Xanthan gum 
solutions as external standards. Three replicates were conducted for each. 
Results and discussion 
Pyrolytic sugars are toxic to E. coli KO11+lgk in terms of growth and membrane 
characteristics  
1. Pyrolyic sugars inhibit microbial growth  
Pyrolytic sugars contain a variety of organic compounds such as phenolic 
compounds, aldehydes and acids [49], which have been characterized toxic to microbial 
growth to one degree or another [30,31]. To determine the critical concentration of the 
pyrolytic sugars that E. coli KO11+lgk could tolerate, batch fermentations were 
performed (Figure 1A). Note that E. coli KO11+lgk has been evolved for the production 
of ethanol at a high yield and titer from up to 10% (w/v) sugars [52]. Our long-term goal 
is to replace these pure sugars with pyrolytic sugars, and therefore we maintained a high 
total sugar concentration in these experiments. Two concentrations of pyrolytic sugar 
syrup were selected, along with pure glucose as control. Provision of pyrolytic sugars at a 
concentration as low as 0.5% (w/v) was sufficient for complete inhibition; no growth was 
observed over the course of 72 h. As described above, this inhibition is not surprising 
when one considers that the pyrolytic sugar syrup contains many compounds known to be 
inhibitory to E. coli. The cultures containing 0.25% (w/v) pyrolytic sugar syrup did grow, 
though there was longer lag phase than with the pure glucose cultures.  
These results demonstrate the magnitude of the pyrolytic sugar toxicity problem 
and the need to either decrease the toxicity of the sugar syrup and/or increase the 
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tolerance of the microbial biocatalyst. Understanding the mechanisms of microbial 
inhibition can guide such efforts. 
2. Pyrolytic sugars induce membrane leakage  
As described above, we have proposed that the presence of hydrophobic 
compounds in the pyrolytic sugars could be damaging to cell membrane, impacting 
overall microbial health and performance. Consistent with this proposition, we observed 
that raw pyrolytic sugars damage the cell membrane, as evidenced by a change in the 
membrane integrity (Figure 1B).   
These leakage experiments used an assay that measures the amount of magnesium 
released from damaged cells into the extracellular medium. Chloroform was used as a 
positive control in this assay and the leakage values are presented relative to the leakage 
measured with chloroform. Consistent with expectations, strains challenged with 
increasing concentrations of raw pyrolytic sugars showed a sharp increase in membrane 
leakage. Specifically, cells treated with 0.5% (w/v) of the raw pyrolytic sugars released 
nearly half as much magnesium as the leakage induced by chloroform. However, it 
should be noted that beyond concentrations of 0.3 wt%, the amount of leakage induced 
remains relatively stable at ~40%. It should also be noted that the membrane damage 
resulting from pure glucose never exceeded 10%, indicating that the damage observed 
with the raw pyrolytic sugars is due to the non-sugar component. 
Membrane plays a critical role in separation of cell interior and external 
environment, transportation of molecules and ions into and out of cells, and so on. This is 
attributed to its selective permeability which helps to exclude inhibitors and absorb 
nutrients through different channels. However, the hydrophobic inhibitors in the pyrolytic 
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sugars disrupt this barrier due to their strong permeability, resulting in the loss of 
membrane integrity and leakage of essential metabolites as reviewed [53]. Thus, 
strengthening the cell membrane is necessary to enhance its integrity, and some work has 
been done by other researchers to regulate the genes related to membrane proteins such as 
Tol-Pal system to achieve this goal [54,55]. 
Our group has previously observed that overliming treatment reduces pyrolytic 
sugar toxicity [22]. If membrane damage caused by the pyrolytic sugars does contribute 
to the toxicity of the pyrolytic sugars, the sugars detoxified through the overliming 
process should cause less membrane damage. Consistent with the supposition, the 
overlimed pyrolytic sugars showed much less magnesium leakage than the raw sugars, 
even at concentrations as high as 1.0% (w/v) (data not shown). Specifically, while 
leakage values of 40% were observed even in the presence of 0.3% (w/v) raw pyrolytic 
sugars, leakage values of only 26% were observed in the presence of 1.0% (w/v) 
overlimed sugars. Thus, in addition to our previous observations that overlimed pyrolytic 
sugars have increased fermentability and decreased concentrations of certain inhibitory 
compounds [22], here we have shown that these overlimed sugars have decreased impact 
on the E. coli membrane. 
Note that our metabolic product, ethanol, has previously been characterized as 
also causing membrane damage [29]. We observed that 40 g/L ethanol, the maximum 
theoretical titer achieved by this strain from fermentation of 10% sugars, did not cause as 
much membrane leakage as the raw pyrolytic sugars even at the concentration of 0.1% 
(w/v) (data not shown). 
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3. Pyrolytic sugars perturb membrane fluidity  
Fluidity is used to describe the membrane state, which is varied as a synergic 
result of the changes of lipid bilayers and membrane proteins in response to stressful 
environment [42]. It is important to maintain the membrane fluidity within a bearable 
range in order to maintain membrane function normally for microbial growth [56]. 
Therefore, we quantified the fluidity of E. coli KO11+lgk when challenged by pyrolytic 
sugars to study the impacts on cell membrane (Figure 1C). The concentration of 0.1% 
(w/v) which was within the tolerance limit of KO11+lgk was chosen. The fluorescence 
polarization was sharply decreased to 0.02 relative to the value of 0.3 of the non-sugar 
control, indicative of increased fluidity of the membrane. Note that pyrolytic sugar 
concentrations as low as 0.1% (w/v) were sufficient to perturb the polarization relative to 
both the non-sugar control and cells treated with pure glucose. It should also be noted that 
measurements were not reliable when more than 0.5% (w/v) raw pyrolytic sugars were 
used.  
E. coli membrane has been well studied and many factors are contributing its 
activities and functions, such as phospholipids structures, packing, interactions with 
membrane proteins [42,57]. External disturbance can influence membrane properties, 
including temperature, pressure, ions and in our study, chemicals. Consistent with 
previous study that phenolic compounds, which are one class of the major non-sugar 
components in the  pyrolytic sugars, altered the membrane fluidity and permeability [58], 
pyrolytic sugars have the similar damaging effect. As reviewed before [57], the affinity 
of the lipophilic compounds for membrane leads to their partitioning into the membrane 
lipid bilayer and accumulation within it. Their interaction with acyl chains of lipids 
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further causes the disordered packing and abnormal membrane configuration. Therefore, 
changing the partition coefficients of these compounds to membrane by changing the 
membrane composition, such as phospholipid composition and protein contents, is of 
great use [59].  
Encapsulation helps to alleviate the toxicity of pyrolytic sugars  
Since the encapsulation technology has been proved to reduce the toxicity of 
hydrolysates depending on the porous matrix structure of calcium alginate to selectively 
enable nutrients permeable [60], here we investigated its role in resisting the pyrolytic 
sugars. Measurement of ethanol titers was used to evaluate the growth of E. coli cells. 
Subjected to low concentrations of pyrolytic sugars (0.25%), the encapsulated cells 
exhibited similar ethanol producing ability to that of free cells (data not shown). 
However, when the concentration was increased to 0.8% (w/v), which was far beyond the 
tolerance of parent KO11+lgk, encapsulated cells were still able to produce theoretical 
titers of ethanol, while no ethanol was detected in the free cells cultures at such 
concentration (Figure 2). To be noted that even if we increased the concentration of 
pyrolytic sugars to 1.8% (w/v), there was still ethanol detected. 
Directed evolution improved the physiology of the cell membrane 
          Since the pyrolytic sugar syrup contains so many compounds that have not yet 
been characterized, it is impractical to rationally engineer E. coli, such as membrane 
modification or genetic manipulation to obtain desired phenotypes. Therefore, we 
employed directed evolution to naturally improve the resistance of E. coli to the pyrolytic 
sugars. This technique follows Orgel’s Second Rule that “evolution is cleverer than you 
are”. By gradually increasing the concentrations of raw pyrolytic sugars in the medium 
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over the course of approximately 30 sequential transfers, an evolved E.coli KO11+lgk 
strain was obtained. And one colony was picked and verified by its unique pdc gene, 
referred to here as TJE1, for further investigation. 
This final evolved strain was characterized in batch fermentations (Figure 3A). 
The final concentration of pyrolytic sugars during the directed evolution was selected, 
along with pure glucose as a control. Even though the parental KO11+lgk strain and 
evolved strain TJE1 exhibited similar growth in the pure glucose medium, only TJE1 was 
able to grow in the presence of 0.65% (w/v) pyrolytic sugars. No growth of parent 
KO11+lgk was observed under such conditions. This proves that the enhanced tolerance 
of TJE1 is attributed to the genomic mutations occurring during the directed evolution 
other than short-term adaption. 
1. Evolved TJE1with increased tolerance simultaneously obtained strengthened 
membrane 
Since our work hypothesis is that the primary mechanism of pyrolytic sugar 
toxicity is damage to the cell membrane, we then determined whether the membrane of 
TJE1 was strengthened in the process of directed evolution. Here we used another assay 
to assess the integrity of the cell membrane via its permeability to the nucleic acid-
binding SYTOX dye [50,61], values are presented as the percent of the cell population 
that was measured as SYTOX-positive (Figure 3B). As with the magnesium leakage 
assay, when the concentration of raw pyrolytic sugars is increased, the percent of cells 
permeated by SYTOX Green is increased for both KO11+lgk and TJE1. But evidently, 
the degree of leakage of TJE1 membrane induced by pyrolytic sugars is lower compared 
to that of parent KO11+lgk. It should be noted that when the concentration is increased to 
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higher than 0.5% (w/v), the percent values of TJE1 cells permeated by SYTOX Green is 
approximately half of the corresponding values of parent KO11+lgk. Specifically, at the 
concentration of 1.0% (w/v) pyrolytic sugars, which is double the concentration of sugars 
that are completely inhibitory to our parent biocatalyst, more than 80% of the population 
is SYTOX-permeable, while less than 50% of the population of TJE1 is permeated by 
SYTOX. It should be noted that for both KO11+lgk and TJE1, membrane leakage 
induced by glucose never exceeds 20%. This confirms that the pyrolytic sugars are able 
to damage the cell membrane of E. coli and is consistent with the magnesium-based 
assay. The fact that these two assays gave similar results confirms that the membrane 
damage is actually occurring and is not an experimental artifact. 
We also measured the membrane fluidity of both KO11+lgk and TJE1in the 
presence of either glucose or raw pyrolytic sugars (Figure 3C). When treated with 
glucose, both KO11+lgk and TJE1exhibited similar fluorescence polarization values, 
which were relatively constant from 0.1 – 1% glucose. This means that glucose is not a 
determinant factor causing the perturbation of the membrane fluidity. However, when 
challenged by 0.1% (w/v) of pyrolytic sugars, the fluorescence polarization of TJE1 was 
more than 0.2, which is much higher than the value of 0.02 of KO11+lgk. This indicates 
that TJE1 was much less fluid than KO11+lgk in the presence of low concentration of 
pyrolytic sugars. Nevertheless, for TJE1, increasing the concentrations of pyrolytic 
sugars still resulted in the decrease of the fluorescence polarization.  
This increased resistance to the membrane damage imposed by pyrolytic sugars is 
consistent with our hypothesis that membrane damage is a major component of pyrolytic 
sugar toxicity. However, TJE1 already adjusted its membrane fluidity for the adaption to 
 
 
 
142
the harmful environment during the evolution, which is resulting in its stouter resistance 
to the fluidizing effect caused by the pyrolytic sugars than KO11+lgk. This change 
ensures TJE1 is able to maintain its membrane fluidity within the tolerated limit so that 
the membrane can still function normally. 
2. Pyrolytic sugars slightly altered the membrane composition  
In previous study, it has been confirmed that short-term adaption or long-term 
evolution was able to alter the membrane lipid composition of E. coli in response to 
stressful environment [38,62]. Since membrane permeability and fluidity is closely 
associated with membrane composition, here we measured the membrane lipid 
composition of KO11+lgk and TJE1in the presence of pyrolytic sugars (Figure 4A). 
When challenged by pyrolytic sugars, membrane lipids of KO11+lgk were shifted from 
C16 to C18, which means average lipid length was increased for this short-time adaption. 
However, it is more noticeable that under no treatment, there was a similar but intrinsic 
shift from C16:1 to C17 and C18:1for TJE1compared to KO11+lgk. To be summarized 
(Figure 4B), the treatment of pyrolytic sugars induced a slight change of inversely related 
ratio of saturated to unsaturated fatty acids (S:U ratio) and positively related weight-
averaged lipid length of KO11+lgk . Besides, TJE1 obtained longer-length lipids with a 
little lower S:U saturation throughout the evolution. This result demonstrated that 
pyrolytic sugars drove the membrane lipids to a tendency of lower saturation and longer 
length. It needs to be pointed out that the changing of membrane composition may be just 
one of the factors affecting E. coli’s tolerance, so the magnitude is not very distinct. 
It has been proved that it is a helpful strategy to change the saturated fatty acids 
contents of membrane to improve E. coli’s tolerance [63,64]. However, it should be noted 
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that pyrolytic sugars contain a variety of classes of organic compounds and their 
inhibition mechanisms are diverse. For example, increasing saturation of membrane 
lipids is beneficial for the resistance to phenol [65], while some polar solvents induce the 
increase of the unsaturated fatty acids contents as reviewed [53]. Therefore, it is hard to 
conclude how pyrolytic sugars affect the saturation of membrane lipids. However, it is 
helpful to elongate membrane lipids for resisting higher membrane stress. For instance, 
deleting the incorporating medium-chain fatty acids into membrane phospholipids 
pathway helped to restore the strength of cell membrane [66]. Besides lengthening lipids, 
it is also useful to convert cis to trans unsaturated fatty acids to regulate membrane 
[58,67]. 
In additional to studying the overall changes of membrane fatty acid composition, 
we investigated the changes of headgroups as well. It is known that 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL) are three 
major classes of membrane phospholipids. Here we measured the mole ratio of these 
three components in the absence and presence of pyrolytic sugars (Figure 4C). When 
induced by 0.3% (w/v) pyrolytic sugars, the PE/PG ratio of parent KO11+lgk was 
decreased by 37%, while this ratio value of evolved TJE1 was kept the same. It should be 
noted that under the treatment of pyrolytic sugars, the PE/PG ratio of KO11+lgk was 
lower than that of TJE1. We did not detect CL in membrane of both strains.  
Phospholipid groupheads are also contributing the membrane fluidity; therefore 
the results showed that the decrease of PE content led to the higher fluidity of KO11+lgk 
membrane when induced by pyrolytic sugars. However, since the membrane of TJE1 has 
more resistance to the fluidizing effects caused by pyrolytic sugars, its PE content is 
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proved higher than KO11+lgk in the presence of pyrolytic sugars. As reviewed, PE has 
higher melting temperature than PG, which helps in maintaining membrane in a stable 
state [68]. Previous results also proved that bacteria with higher PE contents are more 
tolerant to cationic steroid compounds [69]. Thus, in our case, it is supposed to be useful 
to increase the PE content in the membrane. 
TJE1 lost extracellular polymeric substances (EPS) during the directed evolution process 
Since EPS is located outside the surface of the cells as the outermost barrier, it is 
the first part of E. coli to get in touch with pyrolytic sugars. Therefore, we measured the 
two major components of EPS, proteins and polysaccharides to study their changes 
between the two strains (Figure 5). From the results, proteins are the major constituents 
of EPS in our case, which is consistent with previous study [70]. It is evident that protein 
content in the EPS of KO11+lgk, 25 μg/10^8 cells/ml, is approximately 1.5-fold higher 
than that of TJE1 which is less than 10 μg/10^8 cells/ml; while sugar content is 
unchanged. Throughout the directed evolution, TJE1 lost its EPS proteins. It is known 
that EPS proteins play an important role in cell aggregation [71]. Besides, these proteins 
are also involved in the interaction with the environment, including sorption of 
xenobiotics and binding the organic materials in the proximity of cells [70,72]. Therefore, 
it is possible that the reduction of the EPS proteins lessens the chance of the cells’ 
exposure to the inhibitors in the pyrolytic sugars, which results in that the evolved TJE1 
abandoned some of its EPS proteins to evade damage caused by pyrolytic sugars. 
Conclusion 
Thermochemical processing is a promising method for releasing fermentable 
sugars from biomass. However, like many other methods of biomass depolymerization, 
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the toxicity of the sugar product is problematic. Here we have demonstrated that one of 
the problems associated with utilization of pyrolytic sugars is damage of the microbial 
membrane. This result provides insight for the selection and engineering of improved 
microbial biocatalysts. 
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Figure 1A. Pyrolytic sugars inhibit the growth of E. coli KO11+lgk. Batch fermentations 
were performed at pH 7.0, 37oC, 200 rpm in Luria Broth containing 10% (w/v) of a 
mixture of pyrolytic sugar syrup and pure glucose, as indicated. The data is the average 
of two replicates with error bars indicating the standard deviation values. 
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Figure 1B. Pyrolytic sugars induce membrane leakage. Parent KO11+lgk cells were 
grown to mid-log phase in Luria Broth and then incubated with the indicated sugar at 37 
℃ for 1.5 h, and assessed for membrane damage via Mg2+ leakage afterwards. The data is 
the average of three replicates with error bars indicating the standard deviations values. 
 
 
 
 
Figure 1C. Pyrolytic sugars perturb membrane fluidity. Parent KO11+lgk was grown to 
mid-log phase in Luria Broth and then incubated with the indicated sugar at 37 ℃ for 1.5 
h. The membrane polarization was measured via DPH. The data is the average of eight 
replicates with error bars indicating the standard deviation values. 
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Figure 2. The titers of ethanol produced by encapsulated cells and free cells of parent 
KO11+lgk which were cultured in Luria Broth supplemented with 1.5 % (w/v) glucose 
and 0%, 0.4%, 0.8% (w/v) pyrolytic sugars at 37 oC, 200rpm for 24 hours. The data is the 
average of two replicates with error bars indicating the standard deviation values. 
 
 
Figure 3A. Parent E. coli KO11+lgk and evolved TJE1 showed significantly different 
growth in pyrolytic sugars. Evolved strain was able to grow in the pyrolytic sugars at the 
concentration of 0.65% (w/v) while no growth of parent strain was observed at such 
concentration. Batch fermentations were performed at pH 7.0, 37oC, 200 rpm in Luria 
Broth containing 10% (w/v) of a mixture of pyrolytic sugar syrup and pure glucose, as 
indicated.  
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Figure 3B. Membrane leakage of both parent KO11+lgk and evolved TJE1 was induced 
by pyrolytic sugars under the same treatment. Parent and evolved E. coli cells were 
grown to mid-log phase in Luria Broth and then incubated with the indicated sugar at 37 
℃ for 1.5 h, and then assessed for membrane damage via nucleic acid stain SYTOX 
Green. The data is the average of three replicates with error bars indicating the standard 
deviations. 
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Figure 3C. Pyrolytic sugars perturb membrane fluidity of both parent KO11+lgk and 
evolved TJE1. Parent and evolved E. coli cells were grown to mid-log phase in Luria 
Broth and then incubated with the indicated sugar at 37 ℃ for 1.5 h. The membrane 
polarization was measured via DPH. The data is the average of eight replicates. 
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Figure 4A. The membrane composition of both parent KO11+lgk and evolved TJE1 was 
altered when exposed to pyrolytic sugars. And pyrolytic sugars also led to the change of 
membrane composition during the directed evolution. Parent and evolved E. coli cells 
were grown to mid-log phase in Luria Broth and then incubated with the indicated sugar 
at 37 ℃ for 1.5 h. The membrane lipids were measured by GC-MS. The data is the 
average of three replicates with error bars indicating the standard deviation values. 
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Figure 4B. The pyrolytic sugars slightly changed the saturated/unsaturated ratio of 
membrane lipids and the average lipid length of both parent KO11+lgk and evolved TJE1 
when the concentrations reached their tolerance limits.  
 
 
Figure 4C. The mole ratios of phosphatidylethanolamine (PE) to phosphatidylglycerol 
(PG) in phospholipid contents of parent KO11+lgk and evolved TJE1 when exposed to 
0% and 0.3% (w/v) pyrolytic sugars. The data is the average of two replicates with error 
bars indicating the standard deviation values. 
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Figure 5. The extracellular polymeric substances were extracted from parent KO11+lgk 
and evolved TJE1, which were quantified in terms of total proteins and polysaccharides 
respectively. The data is the average of three replicates with error bars indicating the 
standard deviation values. 
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CHAPTER 6 
DISCOVERY OF MUTANT CSRA IMPROVING THE MEMBRANE INTEGRITY OF 
ESCHERICHIA COLI BY REDUCING EXTRACELLULAR PROTEINS  
 
A research draft 
 
Abstract 
Sugars derived from lignocellulosic biomass are attractive source of carbon to 
produce biofuels and biochemicals. However, the decomposition process brings about a 
variety of non-sugar organic compounds which are toxic to microorganisms. Directed 
evolution is an effective strategy to address this issue since the inhibition mechanisms of 
those compounds are complex. Here, we evolved two model E. coli strains, KO11+lgk 
and SZ194 respectively with the challenge of pyrolytic sugars which are biomass-derived 
sugars via fast pyrolysis, to improve their resistance. A mutual mutation in csrA gene, the 
global carbon storage regulator, between two evolved strains was discovered. This 
mutation resulted in the reduction of biofilm and extracellular proteins. These changes 
were proved to in the favor of improving membrane integrity and maintaining membrane 
fluidity. Besides, we also found that the tolerance of E. coli to certain hydrophobic 
compounds was increased to varying extents owing to this mutation. 
Introduction 
Lignocellulosic biomass has been an appealing source of carbon and energy for 
the production of biorenewable fuels and chemicals due to its abundance and low cost 
[1,2]. There have been a variety of pretreatment methods developed to release 
fermentable monosaccharides from cellulose and hemicellulose of lignocellulosic 
biomass as reviewed before [3,4]. Specifically, fast pyrolysis, which is a type of 
thermochemical processing, was employed in this study to produce “pyrolytic syrup”. 
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The biomass-derived sugars from different biomass resources have been extensively used 
for the production of bioethanol [5,6]. However, the common issue of this bioconversion 
platform is that the non-sugar compounds present have been previously proved to be 
inhibitory to the microorganisms [7,8]. This greatly limits the growth and sugar 
utilization of the biocatalysts. The pyrolytic syrup is not an exception [9].  
A variety of strategies have been developed to modify microbes for addressing the 
inhibition problems caused by biorenewable resources or products [10]. However, these 
strategies are determined by the inhibition mechanisms of these compounds. Since the 
pyrolytic sugars used in this study are very complex and contain plenty of compounds 
that have not been identified yet [9], rational engineering of microbes are infeasible. 
Therefore, directed evolution is an alternative approach to overcome this recalcitrance. 
Directed evolution is a common and straightforward method to obtain the desired 
phenotypes of biocatalysts by natural selection, which has been employed in many 
studies for improving the resistance to biomass hydrolates or specific inhibitors [11,12]. 
Subsequently, reverse engineering is necessary to identify the roles of the mutations and 
the inhibition mechanisms, and reproduce the desired phenotypes in other biocatalysts 
[13].  
Biofilm is one living form that cells establish microbial communities to have 
connections with each other and defend disadvantageous environments [14,15].  The 
mechanism of biofilm formation has been well characterized. Extracellular polymeric 
substance (EPS), produced by microbes themselves, is the primary component to 
construct this enclosed matrix, which is mainly consisting of proteins, polysaccharides, 
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DNA and so on. Biofilm has been proved in some studies to have an impact on the 
resistance to antimicrobial reagents [16].  
csrA gene, the central component of the global carbon storage regulator system, is 
regulating numerous genes to modulate a variety of metabolic pathways [17]. It affects 
the gene expression post-transcriptionally by binding its protein product to the specific 
sites of the target transcripts [18]. It has been identified to influence glycolysis, 
gluconeogenesis, glycogen biosynthesis and catabolism, cell morphology and so on [17]. 
Biofilm formation of E. coli is also repressed by csrA in the same manner [19]. 
In this study, we found that csrA was mutant in both evolved E. coli strains 
obtained from directed evolution at the same nucleotide site. This mutual mutation is 
hypothesized to contribute to their increased tolerance to pyrolytic sugars. Therefore, we 
performed quantitative biofilm formation and EPS assays to investigate the changes 
brought by this mutation. We discovered that the mutation in csrA caused the reduction 
of biofilm and extracellular proteins of EPS, and these changes resulted in the improved 
membrane integrity. Besides, it also increased the tolerance of E. coli to certain 
hydrophobic compounds.  
Materials and methods 
Strains and medium 
E. coli strain KO11 (ATCC strain 55124) has been engineered for levoglucosan 
utilization by introducing the codon-optimized levoglucosan kinase gene (lgk) from 
Lipomyces starkeyi into the genome [20], designated KO11+lgk. E. coli SZ194 is the 
derivative of KO11 constructed for lactic acid production by deleting competing 
pathways [21,22]. Seed cultures were prepared in LB medium shaken horizontally at 37 
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°C, 200rpm overnight. The plasmid pKD46 and pKD4 were used for chromosomal 
integration or deletion of gene fragments. A final concentration of 40 μg/ml 
chloramphenicol was used for KO11+lgk and TJE1 during the fermentation to avoid 
contamination. 
Production of raw pyrolytic sugars 
See Chapter 5. 
Detoxification of pyrolytic sugars with sodium hydroxide 
See Chapter 3. 
Fermentation and directed evolution in fleaker system 
For KO11+lgk, seed cultures were inoculated into 500 ml fleakers filled with 350 
ml LB medium with 40 μg/ml chloramphenicol, supplemented with 10% (w/v) of a 
mixture of glucose and raw pyrolytic sugars at an initial OD550 value of 0.05. Batch 
fermentations were performed in a 37 °C water bath with stirring at 200 rpm. The pH was 
maintained at 7.0 by automated addition of 2M KOH. Two replicates were used for each 
concentration of raw pyrolytic sugars. The pyrolytic sugar concentration at the beginning 
of the evolutionary procedure was 0.25% (w/v). Cultures were sequentially diluted into 
fresh medium at 12h intervals or when the optical density (OD550) reached 2.0. Three 
serial transfers were conducted for each sugar concentration, followed by an increase of 
0.05% (w/v) in the pyrolytic sugar content. The strain obtained from the directed 
evolution was verified by the unique pdc gene in KO11+lgk, and one colony was picked 
and designated TJE1. 
For SZ194, seed cultures were inoculated into 500ml fleakers filled with 350ml 
NBS mineral salts medium [23] supplemented with 1mM betaine and 10% (w/v) of a 
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mixture of glucose and NaOH-treated pyrolytic sugars at an initial OD550 value of 0.05. 
Batch fermentations were performed in a 35 °C water bath with stirring at 200 rpm and 
the pH was maintained at 7.0 by automated addition of 6M KOH as previously described 
[21]. The procedures of sequential transfers are the same as what was performed on 
KO11+lgk. The strain obtained from the directed evolution was verified by the unique 
pdc gene, and one colony was picked and designated TJL1. 
Sequencing 
Genomic DNA was extracted and purified by using DNeasy Blood & Tissue Kit 
(QIAGEN) and submitted to DNA facility in Iowa State University for Illumina 
sequencing. The short reads produced from MiSEQ 600-Cycle was assembled by 
Lasergene software by DNASTAR Inc. The mutant genes obtained from the assembly 
results were further verified by Sanger sequencing by DNA facility in Iowa State 
University. The preparation was that the gene fragments were amplified from the strains’ 
purified genomic DNA by using Bio-Rad thermal cyclers and purified by using QIAquick 
PCR Purification Kit (QIAGEN). 
Genetic manipulation 
Gene fragments including 20-40 bp upstream and downstream were amplified 
from the strains’ purified genomic DNA by using Bio-Rad thermal cyclers and purified 
by using QIAquick PCR Purification Kit (QIAGEN). Kanamycin resistant gene (KmR), 
as a marker, was amplified from plasmid pKD4 flanked by 30 or 50 bp of homology to 
the 5’ and 3’ termini of each gene fragment for gene deletion or gene overlapping. The 
overlapping of the gene fragments and the marker was achieved by PCR with Q5 high 
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fidelity polymerase. The constructed fragments were chromosomally inserted into E. coli 
strains carried with pkD46 by electroporation [24]. 
Quantitative biofilm formation assay 
The procedures have been described previously (Liao’s paper). In brief, cells were 
grown in 2ml LB with 0.5% (w/v) glucose at 37 °C without agitation overnight. The next 
day, the cultures were diluted by 100 folds with M63minimal medium with 0.2% (w/v) 
glucose and 0.02% (w/v) casamino acid. Aliquots of 130 μl cell suspensions were then 
placed into non-cell-treated polystyrene 96-well microtiter plates with pure medium as 
control. The plates were incubated at 30 °C without agitation for 30 hr. Next, the plates 
were agitated for 5 min at medium speed (linear shake, frequency: 493cpm 4mm) by 
Synergy 2 Multi-Mode microplate reader (BioTek). Cell growth was measured by the 
absorbance readings at 620nm. The plates were then submerged into ddwater and shaken 
water out for twice. 130 μl of 1% (w/v) crystal violet dissolved in pure ethanol was added 
to adhere to biofilm. The staining was held for 10 min at room temperature. Then the 
plates were washed again by ddwater for three times and dried out. The stained biofilm 
was resuspended with 30% (v/v) acetic acid and incubated for 5 min, followed by 
agitation for 5 min at high speed by the microplate reader. The biofilm staining was 
quantified by the absorbance readings at 570nm. However, biofilm formation was 
normalized by using the ratio of OD570nm/OD620nm. Eight replicates were performed. 
Extracellular polymeric substances (EPS) extraction and quantification 
As previously described (Xiao’s paper), E. coli were incubated on LB plates 
overnight at 37 oC. Then the cells were collected and dissolved in 30ml 0.85% (w/v) 
NaCl solution completely. The cell concentrations were measured by cellometer M10. 
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Afterwards, the cell suspensions were centrifuged at 16,300×g at 4 oC for 30 min. The 
supernatant was taken and filtered, and 3-fold volume of ice-cold pure ethanol was 
added. The mixture was incubated at -20 oC for 24 hr, and spun at 16,300×g at 4 oC for 
30 min the next day. The supernatant was decanted and the deposits were resuspended 
with 5.5 ml DI water for following analysis. In regards to protein analysis, 3 ml alkaline 
copper reagent (1 wt% CuSO4: 2 wt% Na Tartrate: 2 wt% NaCO3 in 0.1M 
NaOH=1:1:98) was first added into 0.6 ml samples, and the mixtures were incubated for 
10 min. Then The mixtures were mixed with 0.15 ml Folin-Ciocalteu reagent (2N Folin-
Ciocalteu Phenol:water=1:1) and incubated for 30 min. The samples were quantified at 
500nm with a series of diluted BSA solutions as external standards. In regards to 
polysaccharide analysis, 25 μl of 80% phenol (w/v) was mixed with 1 ml samples, and 
2.5 ml of 98% sulfuric acid was subsequently added. The mixtures were stabilized for 10 
min and then incubated in 30 oC water bath for another 20 min. In the end, the samples 
were stood for 4 hr and quantified at 488 nm with a series of diluted Xanthan gum 
solutions as external standards. Three replicates were conducted for each. 
Membrane properties characterization 
1. Membrane leakage analysis by SYTOX Green flow cytometry 
Seed cultures were inoculated into LB medium. Cells were then harvested in the 
mid-log phase by centrifugation at 4000 × g, 4 oC for 10 min. The cell pellets were 
washed with PBS buffer (pH 7.0) and resuspended at a final OD550 of 1.0 and treated with 
raw or NaOH-treated pyrolytic sugars. After 1.5 h incubation at 37 oC and 250 rpm, 100 
μl of the cell suspensions were added to 900 μl PBS with 1 μl SYTOX Green (Life 
Technologies) nucleic acid stain, as previously described [25,26]. BD Biosciences 
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FACSCanto II flow cytometer at the ISU Flow Cytometry Facility was employed for the 
analysis with a 20 mW, 488 nm Argon laser with optical fixed-alignment as the 
excitation source. Simultaneous measurements of forward and side laser scatter, and 
SYTOX Green fluorescence were made. Background and non-cellular events were 
eliminated from data acquisition using a minimum side scatter threshold.  
2. Membrane fluidity analysis 
Cells were harvested in the mid-log phase and processed in the same way as with 
the flow cytometry analysis. The collected cells were resuspended in PBS to OD550~0.6.  
After 1 hr treatment with pyrolytic sugars, 6-diphenyl-1,3,5-hexatriene (DPH; Life 
Technologies) dissolved in tetrahydrofuran was added to the cell suspensions to a 
concentration of 0.2 μM, followed by 30 min of incubation at 37 oC with shaking at 250 
rpm. The fluorescence polarization values were quantified as previously described [27]. 
Synergy 2 Multi-Mode microplate reader from BioTek was employed for the analysis 
with 360/40 nm excitation and 460/40 nm emission. To eliminate the background of the 
pyrolytic sugars, the corresponding samples without cells were analyzed as a control.  
Tolerance test 
Seed cultures were inoculated into 10ml MOPS medium supplemented with 2% 
(w/v) glucose in the presence of inhibitors individually at the concentrations listed below: 
furfural, 10.4mM; octanoic acid, 10mM; acetic acid, 30mM; succinic acid, 200mM; 
vanillin, 6.6mM; butanol, 66mM; phenol, 11mM; styrene, 2mM; toluene, 10mM at an 
initial OD of 0.1. Cultures without inhibitors were used as control. The cultures were 
grown at 37 oC for 11hr with shaking at 220 rpm. Samples were taken and measured 
every 2 hours. 
 
 
 
169
Results and discussion 
csrA gene is a global carbon storage regulator which is controlling the expression 
of a number of genes by affecting their transcription process. Its product, a 61-amino-acid 
RNA-binding protein, csrA regulates a variety of metabolic pathways, including 
glycogen accumulation and catabolism, glycolysis, biofilm formation, motility and so on 
[19]. Surprisingly, in the genome of both evolved TJE1 and evolved TJL1, which were 
obtained from directed evolution under two different culturing conditions, the 86th 
nucleotide of csrA gene was found changed from A to T compared to the parent strains, 
which caused a missense mutation that the 29th amino acid was changed from glutamine 
to leucine. We hypothesized that this mutual mutation was most likely to contribute to the 
phenotype of increased tolerance of these two evolved strains to the pyrolytic sugars. 
Therefore, we performed a series of assays to associate the two versions of csrA genes 
with the different phenotypic properties of these two sets of parent and evolved strains 
respectively based on the functions of csrA gene. Besides, we replaced the original csrA 
gene with the mutant one in parent KO11+lgk to study the changes which the mutation 
brought; and correspondingly, we also replaced the mutant csrA gene with the original 
one in the evolved TJL1 to restore the function of the original csrA gene. This could help 
us understand how these two csrA genes function individually and how they are affecting 
the tolerance. 
Mutant csrA gene (csrA*) is involved in reducing the biofilm formation  
One of the prevailing functions of csrA gene is to regulate the biofilm formation 
[28,29], whose major responsibility is to protect microbes from the stressful 
environments by establishing communities [16,30]. Thus, we performed biofilm assay to 
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quantitatively assess the biofilm developed by parent KO11+lgk and evolved TJE1, and 
also KO11+lgk with mutant csrA* to investigate the changes caused by the mutation 
(Figure 1A). The biofilm growth was presented as the ratio of the absorbance of crystal 
violet staining at 570nm relative to the absorbance of cell cultures at 620nm. The results 
demonstrated that the biofilm growth of evolved TJE1 was only more than half of that of 
KO11+lgk. However, when we replaced the original csrA with mutant csrA* in the parent 
KO11+lgk, the biofilm growth was further decreased to only 1/3 of the original level, 
even lower than evolved TJE1. Since it has been proved that csrA gene serves as the 
repressor in the process of biofilm formation [28], this indicates our mutant csrA* has an 
“enhanced” repression on this process to inhibit the biofilm development. Whereas, it 
should be noted that the biofilm growth of KO11+lgk with mutant csrA* is only more 
than half of that of evolved TJE1 with the same csrA*, which means the biofilm 
formation should have been favorable during the directed evolution. It is possible that 
other regulators or genes are involved in complementing biofilm development. Even 
though csrA is playing a significant role in controlling the biofilm formation, rpoS [31] 
and ompR [32] also have effects on this process as well as cAMP-CRP [33] as previously 
reported. Therefore, they are very likely to facilitate forming biofilm to antagonize the 
repressive effects of csrA*, which remains to be determined. 
Mutant csrA gene (csrA*) is involved in reducing extracellular proteins 
As previously reviewed, biofilm formation is favorable for the resistance to 
antimicrobial reagents in many cases since it helps to reduce the exposure of cells to 
those compounds [34,35]. However, the mutation of csrA in the evolved TJE1 in our case 
further repressed this process, which is also contrary to the inference that other synthetic 
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pathways were functioning to complement the biofilm formation. Therefore, it is 
necessary to investigate the change of the composition of biofilm to understand whether 
the biofilm is beneficial for the tolerance to the pyrolytic sugars or not. Extracellular 
polymeric substance (EPS) is the fundamental component of biofilm, which are 
consisting of extracellular polysaccharides, proteins, DNA and so on [14]. Here we 
quantitatively assessed the two major constituents, polysaccharides and proteins, to 
evaluate the changes of EPS brought by the mutation of csrA (Figure 1B). Consistent 
with previous study [36], proteins are the major element of the EPS in parent KO11+lgk. 
It is obvious that in evolved TJE1, the protein contents are reduced to less than half of 
that of KO11+lgk; while the polysaccharide contents remain unchanged. However, when 
we replaced the original csrA with mutant csrA* in KO11+lgk, this mutation entirely 
contributes to the considerable decrease of the protein contents to the level of that of 
TJE1. Note that the polysaccharide contents are still maintained unchanged. 
csrA represses the production of polysaccharide adhesion PGA (poly- β-1,6-N-
acetyl-D-glucosamine) by binding to pgaA mRNA to regulate biofilm formation [37]. 
However, in this study, it is protein contents other than polysaccharide contents that are 
reduced, which indicates that the mutant csrA* aims at regulating the genes responsible 
for the production of extracellular proteins. Some of the genes responsible for 
extracellular proteins have been studied in many species [14], but the correlation between 
them and csrA is still undetermined. Extracellular proteins are including enzymes and 
structural proteins. They are involved in a variety of functions including degradation of 
exogenous polymers or EPS, resistance to antimicrobial reagents, construction of the 
matrix network, as well as the sorption of exogenous compounds [14]. Thus, it is 
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important to explore the impacts caused by the interaction between the extracellular 
proteins and the non-sugar components in the pyrolytic sugars on the tolerance of E. coli. 
Mutant csrA gene (csrA*) is improving the integrity of cell membrane 
Previously we conducted membrane leakage and fluidity analysis to characterize 
the reinforcement of evolved TJE1’s membrane and its influence on the tolerance to the 
pyrolytic sugars. It can be concluded stronger membrane is helping to increase the 
tolerance of E. coli to the pyrolytic sugars. Here we related the extracellular proteins 
produced by KO11+lgk with original csrA and mutant csrA* individually to their 
membrane properties to study the effects of the mutation in csrA on cell membrane 
(Figure 2). By performing the SYTOX Green flow cytometry assay on both strains, we 
can see that when increasing the concentrations of pyrolytic sugars, the leakage of 
membrane was increased accordingly. However, the leakage degree of KO11+lgk with 
mutant csrA* was less than that of the one with csrA within the tolerance limit 
(0.1wt%~0.5wt%) of evolved TJE1. It should be noted that induced by 0.5% (w/v) of 
pyrolytic sugars, the percent of lysed cells with csrA was as high as 70%, while those 
with csrA* only showed approximately 50% of leakage. When the concentration was 
increased to 1% (w/v), the two strains showed similar and bulk leakage. 
These results demonstrate that the reduction of extracellular proteins indeed 
improved the integrity of cell membrane. EPS provides a three-dimensional enclosed 
matrix for microbes. The composition of EPS, which is changed according to the 
culturing conditions, is of great importance to determine cell surface properties. It has 
been reported that the increase in the ratio of carbohydrates to proteins resulted in a 
decrease of cell hydrophobicity [38]. In our study, the mutation in csrA results in the 
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decrease of cell hydrophobicity. Since most of non-sugar components of pyrolytic sugars 
are characterized hydrophobic [9], it is possible that these inhibitory compounds in the 
pyrolytic sugars interacts with the hydrophobic residues of extracellular proteins, which 
causes the shift or turnover of the localized proteins and forming the channels or leaks of 
EPS matrix leading to the exposure of cells to the inhibitors, as in the similar manner of 
partitioning into phospholipid bilayers. Besides, the hydrophobicity of the inhibitors may 
also affect the folding and configurations of extracellular proteins, resulting in their loss 
of function. Cells are no longer synthesizing these inactive proteins to redirect energy and 
materials into other active synthetic pathways. It is also possible that some of the 
extracellular proteins may even serve as the transporters for carrying the inhibitor into the 
matrix. However, the composition of extracellular proteins needs to be further identified. 
Besides, we also conducted membrane fluidity analysis on KO11+lgk. It is shown 
that parent KO11+lgk with csrA* exhibited similar fluidity with evolved TJE1 in the 
presence of 0.5% (w/v) of pyrolytic sugars (data not shown). This is consistent with our 
previous results that the mutant csrA* helps to maintain cell membrane within a tolerated 
limit. 
As mentioned above, EPS is mainly composed of polysaccharides, proteins and 
DNA, and polysaccharides are the framework of this matrix to support biofilm [39]. Even 
though extracellular proteins were decreased in evolved TJE1, other components may 
have a complementary impact on the biofilm formation when comparing the biofilm 
growth of KO11+lgk and TJE1 with the same csrA*. Extracellular DNA plays a role in 
maintaining the biofilm integrity and protecting cells from antibiotics as reviewed before 
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[40]. Therefore, it is possible that the increase of biofilm is attributed to the high 
production of extracellular DNA. 
Original csrA can restore the biofilm formation but not the extracellular protein contents 
E. coli SZ194 is the derivative of KO11used above, which is producing lactic acid 
in minimal medium [22]. Similarly, we also evolved SZ194 in the presence of NaOH-
treated pyrolytic sugars to improve its resistance. It is surprising that both KO11 and 
SZ194, which were cultured under different conditions, possess the same mutation in 
csrA. Therefore, we correspondingly replaced the mutant csrA* in the evolved TJL1 with 
the original csrA from parent SZ194 to restore the function of csrA. The same assays 
were performed for examination. 
It is shown in Figure 3A that the biofilm growth of evolved TJL1 was only half of 
that of SZ194. This is consistent with previous result of KO11 that csrA* has an 
“enhanced” repression on the biofilm formation process. However, when we substituted 
csrA* with csrA in TJL1, the biofilm growth was boosted to approximately 6.5 folds 
higher than before, and 2.8 folds higher than parent SZ194 with the same csrA. This 
consequence may be due to the synergic actions of other regulators and genes responsible 
for the biofilm formation together with csrA. Even though csrA inhibits biofilm 
formation, it can be considered as promoting this process compared to csrA*. Therefore, 
biofilm is further enhanced after the highly repressive effect of csrA* is relieved. 
Since the biofilm development was restored by replacing csrA* with csrA, we 
then measured the EPS composition to investigate whether extracellular proteins were 
recovered as well (Figure 3B). The results exhibited that both protein and polysaccharide 
contents were maintained unchanged before and after. The protein contents of both these 
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TJL1 strains were decreased to 2/3 of that of SZ194; there were still no changes of 
polysaccharides observed. Even though biofilm was restored by switching csrA* to csrA, 
extracellular proteins could not be compensated in the same manner. Thus, it should be 
other components of biofilm that were overproduced, which remains to be further 
identified.  
The activity of csrA is greatly determined by another component of the carbon 
storage regulator system, csrB. The interactions between these two components are 
reciprocal [41]. The transcription of csrB is significantly but indirectly regulated by csrA 
through the BarA/UvrY two-component signal transduction system [42]; however, its 
product, a small noncoding RNA, antagonizes the regulating effects of csrA by binding to 
csrA proteins competitive to other target mRNAs. Therefore, the level of csrB is of great 
importance to affect csrA. sdiA is also involved in the transcription of csrB to a lower 
degree. Since these factors also have impacts on the function of csrA in additional to csrA 
gene, it is not certainly to restore the function of csrA by simply reverting the gene. 
We have demonstrated that csrA* can help to improve the membrane integrity of 
KO11+lgk. This conclusion can also be obtained from the membrane leakage analysis 
performed on TJL1 (Figure 4). Although the membrane leakage was increasing as the 
concentration of NaOH-treated pyrolytic sugars was increased, the leakage degree of 
TJL1 with csrA* was much less than the one with csrA at different concentrations. 
Specifically, in the presence of 0.5% (w/v) of NaOH-treated pyrolytic sugars, 
approximately 70% of cells with csrA were lysed, while only half of cells with csrA* 
showed leakage. Here we again proved that the mutation in csrA is contributing to the 
enhancement in membrane integrity. 
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wcaF is not involved in EPS synthesis in KO11+lgk 
wcaF gene is encoding acetyltransferase involved in the biosynthesis of colonic 
acid, which is an extracellular polysaccharide [43]. In our genomic sequencing results, 
this gene in evolved TJE1, compared to KO11+lgk, was found to possess a large number 
of mutations also with an insertion of two mutant gene fragments which are originally 
encoding transposase IS4 family protein. From the results above, we find that EPS is 
associated with membrane properties. Thus, we disrupted wcaF in parent KO11+lgk to 
study whether it affected the production of polysaccharides (Figure 5). However, neither 
protein contents nor polysaccharide contents were changed significantly. In this study, 
wcaF is not involved in producing EPS. 
Mutant csrA* is improving the tolerance of MG1655 to a variety of inhibitors 
Since we have proved that mutant csrA* is improving the resistance of both TJE1 
and TJL1 to pyrolytic sugars by reducing extracellular proteins to improve their 
membrane integrity, here we chose a model biocatalyst, E. coli MG1655, to further 
evaluate the relation between mutant csrA* and the tolerance to a variety of inhibitors by 
replacing its csrA with our csrA*. The inhibitors we used are listed in Figure 6A, and the 
results are presented as the percent of the increase in specific growth rate of MG1655 
with csrA* relative to wild type MG1655. For octanoic acid, succinic acid, vanillin, 
phenol, styrene and toluene, MG1655 with csrA* showed an increase in the specific 
growth rate to varying degrees. Specifically, in the perturbation of phenol, it showed 12% 
higher specific growth rate than the wild type. But acetic acid, butanol and especially 
furfural inhibited the growth of MG1655 with csrA* to a greater extent than the wild 
type. It should be noted that t test (two-tailed, equal variance) was performed on the OD 
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values of the two strains’ cultures in the medium with same inhibitors at every time point. 
All the p values were smaller than 0.05. 
However, the inhibitors we used belong to different classes due to their structures. 
For example, phenol, vanillin, styrene and toluene are aromatic compounds; furfural 
belongs to furans; acetic acid and succinic acid are acids; octanoic acid is fatty acid; 
butanol belongs to alcohols. Since csrA* is acquired from the directed evolution in the 
presence of pyrolytic sugars and most inhibitors in the pyrolytic sugars are hydrophobic, 
we associate the increase of specific growth rate to the hydrophobicity of these 
compounds (Figure 6B). Partition coefficient (P) with different solvents is a common 
parameter to describe the hydrophobicity of organic compounds. The compounds with 
the logarithm of partition coefficient (log P) values with octanol and water between 1 and 
5 are considered hydrophobic and the inhibition mechanism of these hydrophobic 
compounds have been well characterized previously [8,44]. For our inhibitors, the log P 
values are listed below: furfural, 0.41; octanoic acid, 3.05; acetic acid, -0.322; vanillin, 
1.21; butanol, 0.839; phenol, 1.46; styrene, 3; toluene, 2.69. It is evident that the value of 
log P equal to 1 is a dividing line between the positive and negative increase. Mutant 
csrA* improved the tolerance to the compounds with log P larger than 1; on the contrary, 
it may also further inhibit the cell growth in the presence of the compounds with log P 
smaller than 1. It should be noted even though succinic acid, which has a high solubility 
in water, should have a small log P, MG1655 with csrA* still showed better growth 
exceptionally. This finding helps to prove that csrA* is contributing to the increased 
tolerance to hydrophobic compounds due to the inhibition mechanism of the pyrolytic 
sugars which caused this mutation.  
 
 
 
178
Mutant csrA* affects glycogen accumulation and flagella 
csrA gene has been previously reported to repress glycogen accumulation by csrA 
binding to the glgCAP operon transcript [19,45]. Therefore, we conducted quantitative 
glycogen assay by staining the cultures on the agar plates with iodine vapor. For KO11+ 
lgk with csrA and csrA*, and evolved TJE1, there was no difference of glycogen 
accumulation observed. However, evolved TJL1 with csrA* showed higher glycogen 
accumulation than SZ194 and TJL1 with csrA.  
csrA is also responsible for flagellum biosynthesis by regulating flhDC gene 
expression [46]. Here we found that in csrA* reduced flagellation in both KO11+lgk and 
TJE1 greatly compared to the normal flagella observed in KO11+lgk with csrA by the use 
of transmission electron microscopy (TEM). Besides, this mutation also caused less 
roundness of cell shape and more roughness of cell surface. 
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Figure 1A. The biofilm formed by parent KO11+lgk, engineered parent KO11+lgk with 
mutant csrA* from evolved TJE1 and evolved TJE1, which is presented as the ratio of the 
absorbance of staining by crystal violet at 570nm relative to the absorbance of cell 
cultures at 620nm.  The data is the average of eight replicates the error bars indicating the 
standard deviations. 
 
 
 
Figure 1B. The extracellular polymeric substances were extracted from parent KO11+lgk, 
engineered parent KO11+lgk with mutant csrA* from evolved TJE1 and evolved TJE1, 
which were quantified in terms of total protein and sugar respectively. The data is the 
average of three replicates with error bars indicating the standard deviation values. 
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Figure 2. Membrane leakage of both parent KO11+lgk (csrA) and KO11+lgk (csrA*) 
was induced by pyrolytic sugars under the same treatment. E. coli cells were grown to 
mid-log phase in Luria Broth and then incubated with the indicated sugar at 37 ℃ for 1.5 
h, and then assessed for membrane damage via nucleic acid stain SYTOX Green. The 
data is the average of three replicates with error bars indicating the standard deviations. 
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Figure 3A. The biofilm formed by parent SZ194, engineered evolved TJL1 with original 
csrA from parent SZ194 and evolved TJL1, which is presented by the ratio of the 
absorbance of staining by crystal violet at 570nm relative to the absorbance of cell 
cultures at 620nm.  The data is the average of eight replicates with error bars indicating 
standard deviations. 
 
 
 
Figure 3B. The extracellular polymeric substances were extracted from parent SZ194, 
engineered evolved TJL1 with original csrA from parent SZ194 and evolved TJL1, which 
were quantified in terms of total protein and sugar respectively. The data is the average of 
three replicates with error bars indicating the standard deviation values. 
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Figure 4. Membrane leakage of both evolved TJL1 (csrA) and TJL1 (csrA*) was induced 
by NaOH-treated pyrolytic sugars under the same treatment. E. coli cells were grown to 
mid-log phase in Luria Broth and then incubated with the indicated sugar at 37 ℃ for 1.5 
h, and then assessed for membrane damage via nucleic acid stain SYTOX Green. The 
data is the average of three replicates with error bars indicating the standard deviations. 
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Figure 5. The extracellular polymeric substances were extracted from parent KO11+lgk, 
engineered parent KO11+lgk (ΔwcaF::kanR) and evolved TJE1, which were quantified in 
terms of total protein and sugar respectively. The data is the average of three replicates 
with error bars indicating the standard deviation values. 
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Figure 6A. The percent of the increase in the specific growth rate of MG1655 with 
mutant csrA* gene relative to the original MG1655 in MOPS medium supplemented with 
20g/L glucose in the presence of different inhibitors individually listed above for 11 hr. 
The concentrations of the inhibitors in the media are as below: furfural, 10.4mM; 
octanoic acid, 10mM; acetic acid, 30mM; succinic acid, 200mM; vanillin, 6.6mM; 
butanol, 66mM; phenol, 11mM; styrene, 2mM; toluene, 10mM. Control is the cell 
cultures with no inhibitors. The data is the average of two replicates.  
 
 
 
 
Figure 6B. The correlation between log P (logarithm of partition coefficients) and the 
percent of increase in specific growth rate of MG1655 with mutant csrA* gene relative to 
the original MG1655 in MOPS supplemented with 20 g/L glucose in the presence of each 
individual inhibitor for 11 hr. From left to right: acetic acid, furfural, butanol, vanillin, 
phenol, toluene, styrene, octanoic acid. 
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CHAPTER 7 
SUMMARY AND CONCLUSION 
Lignocellulosic biomass is a promising source of carbon and energy for the 
production of biofuels and biochemical competitive to the finite petroleum resources and 
the demands for food. However, the decomposition process is an obstacle to realize this 
goal because the non-sugar streams produced simultaneously are inhibitory to 
microorganisms. Therefore, it is necessary to improve the tolerance of microorganisms to 
the biomass-derived sugars enabling to utilize these sugars. This can be implemented by a 
variety of strategies, such as rational engineering based on the knowledge on the 
inhibition mechanisms, and evolutionary engineering if the inhibition mechanisms are 
barely characterized. Both these two strategies have been proved useful on improving the 
resistance to biorenewable fuels and chemicals in many studies. In our study, pyrolytic 
sugars are “a black box”, containing plenty of unknown compounds. Thus, directed 
evolution is an appropriate tool to achieve this goal. Membrane is of great importance in 
the mechanisms of tolerance to the inhibitors. It has previously been reported that 
enhancing membrane integrity and maintaining membrane fluidity by changing the 
membrane composition could increase the resistance of microbes. Therefore, membrane 
characterization is useful to give us insights on the inhibition mechanisms of pyrolytic 
sugars. Directed evolution is always followed by reverse engineering to characterize the 
inhibition mechanisms by identifying the mutations. A variety of genes have been 
identified to be responsible for the tolerance to biomass hydrolates or specific inhibitors. 
In additional to improving biocatalysts, removal of inhibitors by overliming 
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detoxification or encapsulation has also been proved to increase the fermentability of the 
biomass-derived sugars. 
In our project, the overall goal is to utilize pytolytic sugars to produce 
biorenewable fuels and chemicals as the sole source of carbon. However, this can only be 
realized when the problem of inhibitors is addressed first. Therefore, we employed 
directed evolution to improve the tolerance of microbes. Two well-characterized E. coli 
strains were chosen as the model biocatalysts. The strains obtained with increased 
tolerance from directed evolution were then studied on the membrane properties and 
genetic mutations associated with the phenotype of increased tolerance. Two evolved 
strains TJE1 and TJL1 showed higher resistance to pyrolytic sugars compared to parent 
ones. TJE1 obtained improved membrane integrity and fluidity. Both of these two strains 
were found with reduction of biofilm formation and extracellular proteins, which were 
contributing the increased tolerance. csrA gene, the global carbon storage regulator was 
also found with one point mutation at the same nucleotide in both evolved strains. This 
mutation is responsible for the decrease of biofilm formation and extracellular proteins, 
which is proved resulting in improved membrane integrity. We also found that when 
reproducing this mutation in other E. coli strain, the tolerance to certain hydrophobic 
compounds can be increased. 
Further studies and strategies are still needed to improve the tolerance of E. coli to 
pyrolytic sugars to a greater extent. Membrane modifications can be applied since the 
changes of phospholipids have been shown related to tolerance. Besides, the genes 
regulated by csrA, which are affecting the tolerance, still remain to be characterized. 
 
